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A new first principles model has been developed to estimate the external
harmonic noise radiation for a helicopter performing transient maneuvers in the
longitudinal plane. This model, which simulates the longitudinal fuselage dynamics, main
rotor blade flapping, and far field acoustics, was validated using in-flight measurements
and recordings from ground microphones during a full-scale flight test featuring a Bell
206B-3 helicopter. The flight test was specifically designed to study transient maneuvers.

The validated model demonstrated that the flapping of the main rotor blades does
not significantly affect the acoustics radiated by the helicopter during maneuvering flight.
Furthermore, the model also demonstrated that Quasi-Static Acoustic Mapping (Q-SAM)
methods can be used to reliably predict the noise radiated during transient maneuvers.

The model was also used to identify and quantify the contributions of main rotor
thickness noise, low frequency loading noise, and blade-vortex interaction (BVI) noise

during maneuvering flight for the Bell 206B-3 helicopter. Pull-up and push-over
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maneuvers from pure longitudinal cyclic and pure collective control inputs were
investigated. The contribution of thickness noise and low frequency loading noise during
maneuvering flight was found to depend on the orientation of the tip-path plane relative
to the observer. The contribution of impulsive BVI noise during maneuvering flight was
found to depend on the inflow through the main rotor and the orientation of the tip-path

plane relative to the observer.



MODELING HELICOPTER NEAR-HORIZON HARMONIC
NOISE DUE TO TRANSIENT MANEUVERS

by

Richard D. Sickenberger

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland, College Park in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2012

Advisory Committee:

Professor James Baeder, Chair/Advisor

Professor Fredric Schmitz, Advisor

Professor Christopher Cadou

Professor Inderjit Chopra

Professor Anya Jones

Professor Ramani Duraiswami, Dean’s Representative



© Copyright by
Richard D. Sickenberger
2013



Dedication

for Gaurav

i



Acknowledgments

This dissertation marks the culmination of nearly eight years of research, but it
would not have been possible without the support and encouragement of so many people.
First and foremost, I would like to express the utmost gratitude to my technical advisor,
Dr. Fredric Schmitz. Dr. Schmitz introduced me to the field of rotorcraft acoustics early
in my graduate school career, and I am eternally grateful for all of the opportunities that I
have had while working with Dr. Schmitz.

I would also like to specially thank Dr. Baeder for acting as the chair and the
remaining members of my dissertation committee, Dr. Cadou, Dr. Chopra, Dr. Jones, and
Dr. Duraiswami for their time, their advice, their guidance, and their support.

This dissertation would also not have been possible without the assistance of the
rest of Dr. Schmitz’s aeroacoustics research group: Dr. Gaurav Gopalan, Dr. Sudarshan
Koushik, Dr. Eric Greenwood, Dr. Cal Sargent, Ben May, and Chris Sutton. Your support
during the flight tests and in discussing various research challenges is truly appreciated.

The Gilroy flight test described in this dissertation was a large effort, and it was
made possible by many people. I would like to thank ARIS Helicopters for providing the
Bell 206B-3 for acoustic flight testing. Specifically, I would like to thank maintenance
officer Eric Mouritsen, pilots Paul Dexter and Sam Nowden, and ARIS Helicopters
founder Steve Sullivan. These individuals were instrumental in the development, testing,
and debugging of the tip-path plane tracking system that was developed as a part of this
research. I would also like to thank everyone from Bell Helicopter, the U.S. Army
Aeroflightdynamics Directorate, and NASA Ames Research Center who ensured the

success of the flight test. In particular, Mr. Royce Snyder and Mr. Tim Samuels of Bell

11



Helicopter, Mr. Bill Decker of NASA Ames, and Mr. Ernie Morales and Dr. Ben Sim of
the U.S. Army.

I also wish to thank David Conner, Gary Fleming, and Mike Watts from NASA
Langley for their support in the development of the tip-path plane tracking system. And I
would also like to express my appreciation to the Vertical Lift Consortium and the
National Rotorcraft Technology Center for their support of my research involving
transient maneuvering flight.

Last, but certainly not least, I would like to express my thanks to my friends and
my family; especially my parents, Dave and Debbie, and my sister, Rebecca, for their
unwavering love, encouragement, support, and patience over the years. And a special
thank you to Pamela Mood, Robert Watts, Alicia Farrell, and everyone at Sean Bolan’s

for standing beside me and helping to keep me grounded when I needed it the most.

iv



Table of Contents

DIEAICATION ...ttt ettt ettt ettt st be e eab e e bt e s ab e e bt e sab e e bt e sateeneas il
ACKNOWIEAZMENTS. ...ttt ettt et ettt e st ebeesaee s iii
TADIE OF CONLENES ..c..einiiiiiieiee ettt ettt ettt e bt e st e bt e sabeenbeesaeeeneeas v
LS OF TADIES ...ttt ettt ettt et e it eb e s e s X
LSt OF FIGUIS ..ttt ettt ettt e s e xi
Abbreviations and NOMENCIAtUTE .........cccueiruiiiiiiiieiiieeie e Xxii
Chapter I INTrOAUCHION. ...couiiiiiiiie ettt ettt sttt e e s e eeees 1
1.1 Background .........coouiiiiiiii e 1
1.2 Rotorcraft NOISE SOUICES ....cc.ueeuiiriiiiiieiiieiee ettt ettt 3
1.3 Helicopter Noise MOdeling..........cccueoiieriiiiiieniiiiieiie et 6
1.3.1  First-Principles MOdelS..........cccuieeiiiiiniiiieeiieeciee et 7
1.3.2 Empirical and Semi-Empirical Models...........ccocueriiiniiiniiniiiiiiniceicenieeee, 9
1.3.3  Previous FLight TestS.......cccciiiiiiieiiiieeiieeciie et 12

1.4 DisSertation ODJECHIVES .....vveervieeriieeiiieeiieeerieeeriieeeiteeesereeeareesaeeesnseeessseeennnes 16
1.5 Dissertation ROAdmap........c..ceeuiiiiiiiiiiiieciie e 17
Chapter 2 Transient Maneuver Flight Test and Data Reduction.............cccccevenneennnn. 19
2.1 Back@round ...........oouioiiiiiii s 19
2.2 2007 Gilroy, CA FIGht Test...cc..eoiuiiiiiiiiiniieieeieeeeteeeee et 19
22,1 TESESILE ettt et et et 20
2.2.2 0 AGICTAIT .ottt e 21
2.2.3  In-Flight InStrumentation .............cccceeeriieerieeeniee e eiee e e 22
224 MANCUVETS .....eiiieiiiieite ettt ettt ettt ettt et s ettt e st e et esate e bt e saneenbeeneee 25



2.3 Data REAUCTION. ...ceeeeeeieeee et e e e e e e e e eeaareaeeeeeeeeenannnas 26

2.3. 1 SIOW PUlI-UP.ciiiiiiiciieeeeeee ettt et 28
2.3.2  Moderate PUll-Up ......coocuiieriiieiieeiieeee ettt 31
2.3.3  FaSt PUL-UP evieiiieceeeeeee ettt et 35
2.3.4  Summary Of Man@UVETS .......cocueeriiiiieniiiiienie ettt ettt 39
2.4 Preliminary Analysis of Fast Pull-up Maneuver..........c.c.ccceceeevviennieencneennnen. 40
2.4.1 Impulse Pulse Shape INVestigation ............cceeerveeerieeerieeeiieeniieeeieeeeiee e 40
2.4.2 Blade-Vortex Interaction Acoustic Phasing..........ccccoeevivvviieniieencieeniieeene, 43
2.4.3  SUINIMATY .eeouviieiiieeeieeeeieeeeieeesieeesteeesteeestbeessaeeasseesssseesnsseesnsaeesnseessnseesnnses 54
Chapter 3 Governing EQUAtIONS .........cooviiiiiiieeiiieeiie et 56
3.1 OVETVIBW ..ttt ettt sttt e s bt st e b e et e saeeeeees 56
3.2 Dynamics MOE.....ccc.ooviiiiiiiieiiiie ettt et 58
3.2.1 Dynamics Model ASSUMPLONS ........eerriieeriieeriiieeiieeeiieeeireeeieeesieeesaee e 59
3.2.2 Dynamics Model Governing EQUations...........ccceeeveeerieeeniieniieesiieenieeeee 61
3.3 High Frequency Aerodynamic Loading Model .............cceccvevviiieniiieniiieenieene 75
3.3.1 High Frequency Aerodynamics Model AsSumptions..........ccccceeerevveerneeennne. 76
3.3.2  Trailed Wake MOdel ........cccoooiiiiiiiiiiiiiiieceeeeeeeee e 77
3.3.3  Unsteady ACTrOdyNamICS ........cccueeeruieerieeerieeerieeerireeeireesireesnreesseessseessnnes 83
3.3.4 Quasi-Steady Wake Model ..........ccccveeriiiiniiieiieeiieceeeeeeee e 84
34 AcouStiCS MOE] ..ot 85
3.4.1 Implementation Notes for the Acoustics Model ............cceeveeviiiiriieeninennnne. 86
3.5 THIM MOAEL ...t 91
3.0 SUMMATY ..eoiiiiiieiiie ettt ettt e st e et e et ee e tbeesabeessbbeesaseeenaseeas 95

vi



Chapter 4 Comparison with Flight Test Data..........ccccccoveeiiiiiiiniiiiiiiiiciceee 96

4.1 OVETVIBW ..ttt ettt ettt ettt e s bt et e sbb e e bt e saeeeabees 96
4.2 Steady FIIGNt .....ooouiiiiii e 96
4.2.1  Center MICTOPRONE .....ccuveveieiieeiiieeiieeeciie ettt eetee et e esaeeeeaaeesnraee e 103
4.2.2 Advancing-Side MiCIOPhONE .........cceeviiiiiiiiieiiiieciee et 107
4.2.3 Retreating-Side MIiCTOPRONE........ccccuviiiiiiieiiiecieeeciee et 110
4.3 PUll-UP MaN@UVETS ....cccuvvieiiieeciieeeieeeeieeeetee ettt eeireeetaeeevae e sneeesnnee s 113
4.3.1 Moderate Pull-up Man@uVer ..........ccccoevvieriiiieriiieeniie e eeeeeieeeeieeesvee e 113
4.3.2 Fast Pull-up Man@UVET ..........cccccuiiiiiiiieiiieeiieeeiteeeiteeeeeeeiveesieeesieeesvee e 129
4.3.3  Slow Pull-up Man@uUVeET ..........cccueeriiiiiiiieniieeeiieeeite et eiveesiaeeeineesiee e 143
4.4  Reduced Order MOdEIS ........cc.coviiiiiiniiiiieiiiicceeeeeeeeeee e 157
4.4.1 Flapping MOEIS .......eeeiiiiieiieiiieeieeeitt ettt ettt e e saeesbaeesaee e 157
442 WaKe MOAEIS .....eoouiiiiiiiiiiieeeeee e 165
4.5 SUNMMATY ..ttt ettt e e st e e st eeessbeeetbeeenbeeensbeesseeeensneesnseeenns 168
Chapter 5 Application of MOdel.........ccoouiiiiiiieiiieeiieeiee e 171
5.1 OVETVIEW ..ttt ettt ettt ettt ettt et e st ebe e s e e b e nae 171
5.2 Investigation Of ACOUSHIC SOUICES ......ccevuvreriireeriieeniieeniieeerieeeireesireesveee s 171
5.2.1 Overall Acoustic Trends ........ccceoeerieeniiiiiiiniieeieeeeeeee et 172
5.2.2  Thickness NOiS€ TTends.........ccccoeeruiiriiiiieiniienieeieeieeeeeteeee e 181
5.2.3 Low Frequency Loading Noise Trends........cccccueeevvieriieeniieeniieeniieesieeens 184
5.3 Longitudinal Man@uUVETS ..........c.ceevuiieriieeniieeiie et ettt siee e 187
5.3.1 Review Of ASSUMPLIONS ...ccuvvieriieeriieeiiieeiieeeiieeeteeeeeesieeesbeeesbeeesbeeees 188
5.3.2 Longitudinal Cyclic CIMDBS........ccccuttiriiiiriieeiieeieeeeeeeeee e 191

Vil



5.3.3  COllECtIVE CIIMDS. .. cciiieeeeeeeeee et e e e e e et eeeeeeeeeeeenaaaeaeeas 199

5.3.4 Longitudinal Cyclic DESCENtS ........c.eeerviieriieeiiieeiieeeiee e eeeeeiee e 208
5.3.5  ColleCtiVe DESCENLS. ....ccuueeruiiriieiieeiieeite ettt 216

I TR N 1114V 0 1 ) A OO RRUSPRS 225
Chapter 6 Summary and CONCIUSIONS .......ccccuveeriieeriieeieeeiee e e eree e 228
6.1 Major ACCOMPLISHMENTS.......cooiiieiiiieiie et e 228
6.2  Research and Development IMpPact ..........ccccvveeiiieniieeniie e 232
6.3 Suggestions for Future Research ..........ccoccveviiiiiniiiiiiiiiiiieeeeeeeeeee e 234
Appendix A CoOrdinate SYSIEIMS ..cccveeerireeriieeriieerreeeiteeeireeeireesareesseeessseeessseeennnes 237
A.1  Inertial Coordinate SYSLEIM .......eeviviieriiieiiieeniieerieeetee e e eireeeireeeaeeeeebee e 239
A2 Body Coordinate SYSIEIM ....ccccuvierriieeriiieniieenieeesieeerireeenireeeireesnreesneeesseeens 240
A3 Shaft Coordinate SYSEIM......cccuteriuiieriiieiiieerieeerieeerteeerreeeireeeireesaeeeebeeees 243
A4 Rotating Coordinate SYStEIM .......cceeeruiieriiieeriieeriieeiieeerireeeireeeieeeeieeesbeeees 244
A.5  Aerodynamic Coordinate SYSEIM ......c.eeevveierireeriieeriiieeniieeiieeeieeesieeeeaeeenes 245
A.6  Local Blade Coordinate SYStem.........c.ceevcurierireeriieeiiieeniieeeiieeeiveeeieeeeneeenes 247
A.7  Tip-Path Plane Coordinate SyStem ..........cccceecureeriiierriieeniieeiiee e eiee e 248
Appendix B Body Equations of MOtiON..........ccccuiieriieeriieeiieeieeceeeeeeeiee e 250
Appendix C  Blade KinematiCs .........cceeeriieeriieeniieeiieeieeeece et e 254
C.1  Position Vector to Point on the Elastic AXiS.......cccceeveeriiineeniieeneenieneenieene 254
C.2  Absolute Velocity of a Point on the Elastic AXiS ......ccceevvieeviveeniieeniieeniieens 255
C.3  Absolute Acceleration of a Point on the Elastic AXiS......c.ccccevvervueenienneenncne 260
Appendix D Inflow MoOdel .......cccooiiiiiiiiieeeeeee e 266
D.1  Review of Relevant Reference Frames..........ccccccocveeiieniiiiiniiniiniiiecne 266

viil



D.2  Derivation of Inflow through the Tip-Path Plane ..............ccccccoevviiiniiiennnnn. 267

D.3  Derivation of Inflow through the Hub Plane ............cccccoocveveiiiiiniieniieeninns 270
D.4  Taylor Series Expansion of Inflow Model...........c.cccocvieeiiiiiiiiiniiieeieeeieeene 270
Appendix E Aerodynamic Loads and MOMENLS .........ccccueeervieeiieeniieeniieenieeeeieeeees 275
E.1  Expansion of Main Rotor Aerodynamic Forces ...........ccccccevvvernviiencieencnnnens 275
E.1.1 Main RoOtor TRIUSE......cccuiiieiiieiiieeciee e 281
E.1.2 Main Rotor In-plane H-force .........ccooevveieviieeiiieiiieciicceeeeeeee e 282
E.1.3 Main Rotor In-plane Y-force .........ccceeeeveieiiieeniieiiieeieeeieeeeeeeee e 284

E.2  Expansion of Main Rotor Aerodynamic Moments..........c.c.ccecueevueenienneennenn. 287
E.2.1 Main Rotor Pitching and Rolling Moments...........c.cceccveeviieeniieenneeennne. 292
E.2.2 Main RoOtOr TOTQUE ....ccveieeiiieiieeiie et 293
Appendix F Main Rotor Equations of Motion (Flapping Expression) ..........c............ 296
Appendix G Analysis of the Acoustic Source Terms..........cccceevveervveeriieeniieenieeene 303
RETEIENCES ...ttt et 314

X



List of Tables

Table 2.1. Summary of Man@UVETS..........cocuevuiriinieniiiiirieieeene ettt 39
Table 4.1. Steady deSCENt LESt CASES......couiiruiiiiiiiiiiiierie ettt 98
Table 4.2. ACOUSHIC NOSPOLS. ...ccuviiiiiiiiiiiieiee ettt et 100



List of Figures

Figure 1.1. Directivity characteristics of main rotor noise during steady-state and

transient maneuvering flight. ..o 2
Figure 1.2. Illustration of a blade-vortex interaction. ............ccceeeerieereeriernienieeeesieeeen 5
Figure 1.3. Main rotor harmonic NOiSe SOUICES. .........cecueeruieriieniienieeiie et esiee st eieesieeeeees 5
Figure 1.4. Approach pattern measurement under SAE-AIR-1845.......ccccccoviiiniiinnnnen. 10
Figure 1.5. Array flyover for hemisphere generation. ...........ccceceevieiieiniicniienienneenees 11
Figure 1.6. Acoustic test formation flight. ..o, 14
Figure 2.1. Gilroy test Sit€ 1ayOUL..........coiuiiiiiiiiiiiiieieee et 20
Figure 2.2. Bell 206B-3 aircraft stationed at Gilroy. ..........cccoceeeiieniiiiieiniiiiienic e 21
Figure 2.3. Bell 206B-3 in-flight instrumentation package. .........ccccceeveerieenienienneennenns 22
Figure 2.4. In-flight measurement pallet............cccccuveeriieeiiiieeniieeieeeieeeee e 24
Figure 2.5. TPP tracking SyStem CAMETA. .......ccueeervreeriieeriieeiieeerireeeieeeeireeeaeeesnneesaeees 25
Figure 2.6. Transient maneuver flight pattern. .........cccceeevivieeriieeiieeeieeee e 26
Figure 2.7. Retarded time dia@ram. ..........cceeeeieeeiiieeniieenieeeiieeeiree e e e eireeeaeeeeaeeeseee s 27
Figure 2.8. Body response during slow pull-up maneuver. .............cceecveeevveencnieercnreennnenn. 28
Figure 2.9. Acoustic time history during slow pull-up maneuver. .............ccccoecuerneennenn. 29
Figure 2.10. Sound level metrics during slow pull-up maneuver. ..........c.cccceeevveercvveennnenn. 30
Figure 2.11. Additional in-flight measurements during slow pull-up maneuver.............. 31
Figure 2.12. Body response during moderate pull-up maneuver............c.cccceeevveernveennnenn. 32
Figure 2.13. Acoustic time history during moderate pull-up maneuver. ..............c........... 33
Figure 2.14. Sound level metrics during moderate pull-up maneuver...............cc.ccoceu...... 34
Figure 2.15. Additional in-flight measurements during moderate pull-up maneuver. ..... 35

X1



Figure 2.16. Body response during fast pull-up maneuver. ..........cccoeeveeeeveencieenceeennneen. 36

Figure 2.17. Acoustic time history during fast pull-up maneuver. ............ccccecveerevreenenn. 37
Figure 2.18. Sound level metrics during moderate pull-up maneuver...............cc.ccoeeu...... 38
Figure 2.19. Additional in-flight measurements during fast pull-up maneuver. .............. 39
Figure 2.20. Acoustic time history during a known BVI condition.............ccccceeevureennen.. 40
Figure 2.21. Overhead view of helical wake at different advance ratios............c.cc.cc....... 41

Figure 2.22. Acoustic time history for the 4.5° steady descent (top) and the fast pull-up

MANEUVET (DOtIOIN). ..eeiiiiiiiiiiiiieiieeeeieeiteee e e eeeerr e e e eeeeearrrreeeeeeeeeenasrrreeeeeeeas 42
Figure 2.23. Wake geometry and position vector diagram. ..........cceceeevueerueeneeenuennueennenns 44
Figure 2.24. Omni-directional modeling of an oblique interaction. ............ccecveervveennenn. 45
Figure 2.25. Trace Mach number ZEOMELIY........ccovieeriieeriieeiieeeiee e 46
Figure 2.26. Paralle] interaction. ...........cocueeriiiiieniiniiienieeieesieeeese et 47
Figure 2.27. BVI interaction locations in tip-path plane at £ =0.19. ......cccceevevvrrcrennnnnn. 48
Figure 2.28. Details of interactions at ft = 0.19. .....cooiiiiiiiiiniiiieeeeeeeeeee 49
Figure 2.29. BVI details for revolutions the first half of the pull-up maneuver............... 52
Figure 2.30. BVI details for the second half of the pull-up maneuver. .............ccccc........ 53
Figure 3.1. Classic flow diagram for acoustic prediction codes. ..........cceeveercureerureennnenn. 56
Figure 3.2. Modified block diagram for acoustic prediction code..........c.ccceevevreerureennen. 58
Figure 3.3. Dynamics model diagram............cccccevieriieiniiiiieinieeeenieeeeseeeee e 59

Figure 3.4. Motion diagram for a helicopter in longitudinal flight. All measurements are

SNOWIL POSTLIVE. .eeviiiiiiieiiiie ettt ettt et e et e et esbeeesebeeesanes 62
Figure 3.5. Free body diagram for longitudinal flight. .............cocconiiiinis 63
Figure 3.6. Rotor blade flapping diagram. ...........c.ceeevieerriieeriieniiieeieeeeeeeee e 67

Xii



Figure 3.7. Tip-path plane dynamic response to a 1° step input in collective applied at
revolution #0 (Bell 206B-3 at £ =0.20). Lateral and longitudinal flapping values
are measured relative to their initial conditions. ............ccoceeeveenieniieniicencenieeee. 70
Figure 3.8. Tip-path plane dynamic response to a 1° step input in longitudinal cyclic
applied at revolution #0 (Bell 206B-3 at x=0.20 ). Lateral and longitudinal
flapping values are measured relative to their initial conditions. ............c.cc....... 71

Figure 3.9. Block diagram for equations of motion and blade flapping for a single time

] 1<) 0 SO PUP PRSPPI 73
Figure 3.10. Wake VOIteX SIIUCLUTIE........ceerureerireeriieenieeerreeeireeerereeenreessneesneeesseeenseees 76
Figure 3.11. Trailed Wake StUCIUIE. .......cecvviieriieeriieerieeerteeetee et e eiee e eeeaeeeeaeeesvee s 78
Figure 3.12. WaKe EOMELTY....c.eoiiiiiiiiiiiiiieeieeite ettt ettt e 79
Figure 3.13. Wake geometry update block diagram. ...........cccccevvvveeneiieniieeniieeniieenenn 81
Figure 3.14. Induced velocity from a straight-line vortex at a point on the blade............ 82
Figure 3.15. Unsteady aerodynamics block diagram............ccccceceeniiiiiiniinniinicnneennenn. 83
Figure 3.16. Comparison of compact and non-compact chord loadings. ..........cc.cccen...... 88
Figure 3.17. Diagram of acoustic reflection. ..........c.cccoouerieiniiniiiniiiiiiceecceeee 89

Figure 3.18. Specular reflection for the loading noise produced under the low frequency
10ading MOAEL......ccccuiieiiiieiieece et e e s 90

Figure 3.19. Specular reflection for the loading noise produced under the high frequency

10ading MOAEL......cccuiiiiiiieiie e e s 91
Figure 3.20. Free body diagram for trimmed flight. ............ccocooiiiniiiiiniieees 92
Figure 3.21. Trim control angles for level flight versus advance ratio...........cc.ccceceeneeen. 94
Figure 4.1. Steady descent flight trajectory. .......cocuveeriieeriiieeiiieeeeeeeee e 97

Xiil



Figure 4.2. Trace of ground microphones relative to the tip-path plane for the steady
dESCENE MANGUVETS. ...eeutiiuiiieiiieiie ettt ettt ettt et e et e e st e et e saeesbeesaeeenbeenaee 99

Figure 4.3. BVI Interaction Locations for a 2 bladed rotor at 60 knots (i = 0.15)......... 101

Figure 4.4. Details of BV INteractions. .........cccueeeriieerieeeiiieeiiecieeeieeeeeee e 102
Figure 4.5. BVI details for a 4.5% deSCeNt.......ccueeeviieerieeeiieeiie et 103
Figure 4.6. Center microphone sound pressure level trends. ...........coeevveeeeveenciieenneeennne. 104
Figure 4.7. One revolution samples for center microphone.............cccccveeeeuveercreeencreeennne. 106
Figure 4.8. Advancing-side microphone sound pressure level trends. .......c...cccceeveeenneee. 107
Figure 4.9. One revolution samples for advancing-side microphone. ............c..cccueeen.... 109
Figure 4.10. Retreating-side microphone sound pressure level trends. ..........ccccceeueeeeee. 110
Figure 4.11. One revolution samples for retreating-side microphone. ...........c...ccc.ecu.... 112
Figure 4.12. Moderate pull-up pitch rate time hiStory. ........cccoceevviieriieeniiieniieeeieeeee 114
Figure 4.13. Moderate pull-up, flight path angle time hiStory..........ccccceeeveeriieeneneennee. 115
Figure 4.14. Moderate pull up advance ratio time hisStory........c...cccceevvverneenieeneennennnen. 115
Figure 4.15. Moderate advance ratio trajeCtory. .......cccveeerveeerveeeriieeeireeniireesreeesveeennnns 116
Figure 4.16. Moderate pull-up thrust coefficient. ...........ccocuerveiriiiiiiniiiiiciiccceceee, 117
Figure 4.17. Moderate pull-up tip-path plane angle of attack...........c.ccccevvvierciieennnnnnnne. 118
Figure 4.18. Moderate pull-up center microphone acouStiCS. ........cueeevuveervureercureerreeenn 121

Figure 4.19. Moderate pull-up center microphone pulse shapes during level flight (top

row) and during maneuvering flight (bottom row). ........ccccveeviieeriieeniienieene 122
Figure 4.20. Moderate pull-up advancing side microphone acoustics..........c.cccceeveenee. 124
Figure 4.21. Moderate pull-up advancing side microphone details during level flight (top

row) and during maneuvering flight (bottom row). ........cccccueeeviieiriieniieenieeeee, 125

Xiv



Figure 4.22.

Figure 4.23.

Moderate pull-up retreating microphone acOustiCs. ........c.ceeevveercvreerveeennne 127

Moderate pull-up, retreating microphone detail during level flight (top row)

and during maneuvering flight (bOttOM TOW)......ccueeeviieeriieeiieeieeciee e 128
Figure 4.24. Fast pull-up fuselage pitch rate time hiStory. .......c..ccoccevveiiiinicincencnnen. 129
Figure 4.25. Fast pull-up fuselage flight path time hiStory.........c.cccceeevvieriieencieenieeeene, 130
Figure 4.26. Fast pull-up advance ratio time hiStory. ........cccceevveervieeerieeniieeniie e 131
Figure 4.27. Fast pull-up flight trajectory. .......cccceevuieeriieeriieeiieeieeeeee e 131
Figure 4.28. Fast pull-up thrust time hiStory.........cccooueevieriiiiiiiieeeeeeceeeeeceen 132
Figure 4.29. Fast pull-up tip-path plane angle of attack time history. ........c...cccccevuennee. 133
Figure 4.30. Fast pull-up center microphone acoustic trends. ..........ccccceveerieeneennennnen. 135
Figure 4.31. Fast pull-up center microphone acoustic details. .........cccccceveerieeneenncnnnen. 136
Figure 4.32. Fast pull-up advancing side microphone acoustic trends. ..........cccccceuvenneee. 138
Figure 4.33. Fast pull-up advancing-side acoustic details. ..........cccceeviernienienneenncnnnee. 139
Figure 4.34. Fast pull-up retreating-side acoustic trends. ...........cccccueervuveercereencieeenveeennnes 141
Figure 4.35. Fast pull-up retreating side acoustic details...........cceccueeevveeniieeniiieenieeenne. 142
Figure 4.36. Slow pull-up fuselage pitch rate time hiStory...........ccccevveerneenieeneenicnnnen. 143
Figure 4.37. Slow pull-up flight path time hiStory.........cccccueeeriieriiiriiiieeieeeieeeeeee 144
Figure 4.38. Slow pull-up advance ratio time hiStory..........cccccecueeviinieriecnieeneeneceee. 145
Figure 4.39. Slow pull-up flight trajectory. .......cccocueeeriieeriieeiieeieeeree e 145
Figure 4.40. Slow pull-up thrust time hiStory. ........c.ccceveeriiiniiniiiiieneeceeeeeeeen 146
Figure 4.41. Slow pull-up tip-path plane angle of attack time history. ..........ccccceeueenneee. 147
Figure 4.42. Slow pull-up center microphone acoustic trends..........cccceeveerieeneennennnee. 149
Figure 4.43. Slow pull-up center microphone acoustic details. ........cccccceveerieeneennennen. 150

XV



Figure 4.44.
Figure 4.45.
Figure 4.46.
Figure 4.47.
Figure 4.48.
Figure 4.49.
Figure 4.50.
Figure 4.51.
Figure 4.52.
Figure 4.53.
Figure 4.54.
Figure 4.55.
Figure 4.56.

Figure 4.57.

Figure 5.1.

Slow pull-up advancing-side microphone acoustic trends. ........................ 152
Slow pull-up advancing-side acoustic details..........c.cceeveeerveeriieerieeennnen. 153
Slow pull-up retreating-side acouSstic trends. .........cceeevveeerveenreeenineeennnenn 155
Slow pull-up retreating side acoustic details. .........ccceeevveeerieeniieenciieennen. 156
Fast pull-up fuselage pitch rate for various flapping models. .................... 159
Fast pull-up flight path angle for various flapping models. ....................... 160
Fast pull-up advance ratio for various flapping models. ..........ccceeevvreenee. 160
Fast pull-up flight trajectory of various flapping models............cc.cceueenee. 161
Fast pull-up thrust coefficient for various flapping models. ...................... 162
Fast pull-up tip-path plane angle of attack for various flapping models.... 163
Fast pull-up acoustic trends for various flapping models..............cccuee...... 164
Fast pull-up wake geometry of various flapping models. ..........c.cceeuueenn.ee. 165
Fast pull-up acoustic trends for wake models. ..........cccceeeveeeviiennieennneennne. 167
Fast pull-up wake geometry for wake models...........cccccecvevevieennieennnennnne. 168

Thickness and low frequency loading noise overall sound pressure level

(OASPL) at various elevation angles relative to the main rotor tip-path plane. -90°

is directly below the main rotor tip-path plane. ..........ccccoeeveevvieeniieeniieenieeene, 173

Figure 5.2.

elevation angles relative to the tip-path plane...........ccccceeevveeveieeniieeneieenieeene

Figure 5.3.

Pulse shapes of thickness and low frequency loading noise at various

Thickness and low frequency loading noise sound pressure level below

BVISPL band at various elevation angles. .........cccccceevveeriieenireeniieeneeeniee e 177

Figure 5.4. Thickness and low frequency loading noise sound pressure level in BVISPL

band at various elevation angles. ...........cceecieeriiieniiieeriieeee e 178

XVi



Figure 5.5. Spectral content of thickness noise. Observer in the tip-path plane for a Bell
206B-3 traveling at 60 KNOLS. ......cc.eeeiiieiiiiiiiiiiiieete et 179
Figure 5.6. Spectral content of low frequency loading noise with a uniform inflow model.

Observer is 30° below the tip-path plane for a Bell 206B-3 traveling at 60 knots.

Figure 5.7. Spectral content of low frequency loading noise with a Beddoes' inflow model.

Observer is 30° below the tip-path plane for a Bell 206B-3 traveling at 60 knots.

Figure 5.8. Contribution of terms in thickness noise equation at various observer angles
relative to the tip-path plane. The data shown is for a Bell 206B-3 traveling at 60
KIIOES. ettt ettt ettt ettt ettt ettt e ea 183
Figure 5.9. Contribution of terms in loading noise equation at various observer angles
relative to the tip-path plane. The solid red curves are low frequency loading noise
with a uniform inflow model; the dashed green curves are low frequency loading
noise with a Beddoes’ inflow model. The data shown is for a Bell 206B-3
traveling at 60 KNOLS. ......uieiiiieiiiieiiie et s 186
Figure 5.10. Rotor load alignment relative to center of gravity during trimmed flight. The
top diagram is features a nose-up pitching moment from the sum of the fuselage,
empennage, and stabilizer pitching moments. The bottom case is for an aircraft

with a zero net pitching moment. All attitude and alignment angles are shown to

scale for trimmed level flight at 75 KNots. .......cccceeviiiieniiiiiniiieiiiecieeeieeeieee 190
Figure 5.11. Control input time history for longitudinal cyclic climb...............cc........... 191
Figure 5.12. Pitch rate response to the longitudinal cyclic climb. .........cccccoceeveennennee. 192

XVvil



Figure 5.13. Tip-path plane angle of attack response to the longitudinal cyclic climb.. 193
Figure 5.14. Thrust vector orientation relative to the center of gravity during longitudinal

cyclic climbs. All attitudes and geometries are shown to scale. .......c....ceceenneee. 194
Figure 5.15. Free stream velocity response to the longitudinal cyclic climb. ................ 195

Figure 5.16. Aircraft attitude and wake geometry for the longitudinal cyclic climb. All

attitudes and geometries are ShOwn to SCale. ........cccceevieeriiniieenienieinicniceee 196
Figure 5.17. Flight trajectory for longitudinal cyclic climb..........cccccoooeiiiiniinnnnenen. 197
Figure 5.18. Acoustic response to the longitudinal cyclic climb...........ccccceevevveennnnnnne. 198
Figure 5.19. Control input time history for collective climb. ...........ccocevvieniiinencnnen. 199
Figure 5.20. Pitch rate response to the collective climb. .........cccccooeiniiiniiniinninenen. 200
Figure 5.21. Tip-path plane angle of attack response to the collective climb. ............... 201

Figure 5.22. Thrust vector orientation relative to the center of gravity during collective
climbs. All attitudes and geometries are shown to scale. ..........cceeveererieenneennne. 202
Figure 5.23. Airspeed response to the collective climb. ..........ccoceeeveiniiiiieniicnneencnnee. 203

Figure 5.24. Aircraft attitude and wake geometry for the collective climb. All attitudes

and geometries are ShOWN t0 SCAlE........ccovuiieriiiiiiiiieiee e 204
Figure 5.25. Flight trajectory for the collective climb. ........c...ccoceeiiininiiiniiiiecee, 205
Figure 5.26. Acoustic response to the collective climb. ..........ccoceeveiniiiiiiniiinnenienen. 207
Figure 5.27. Control input time history for longitudinal cyclic descent......................... 208
Figure 5.28. Pitch rate response for longitudinal cyclic descent. ..........cccceeveeeveennennnee. 209

Figure 5.29. Tip-path plane angle o f attack response to the longitudinal cyclic descent.

XVviil



Figure 5.30. Thrust vector orientation relative to the center of gravity during longitudinal
cyclic descents. All attitudes and geometries are shown to scale. ...................... 211
Figure 5.31. Airspeed response to the longitudinal cyclic descent...........cccccecvveerereennnee. 212

Figure 5.32. Aircraft attitude and wake geometry for the longitudinal cyclic descent. All

attitudes and geometries are ShOwn to SCale. .......cc.eevevveeriieerieeenieeeiee e, 213
Figure 5.33. Flight trajectory for longitudinal cyclic descent..........ccccceeeeveenciieenneeennne. 214
Figure 5.34. Acoustic response to the longitudinal cyclic descent. ..........cccccecvveerveennee. 215
Figure 5.35. Control input time history for the collective descent. .......c...cceceeevueenenennen. 216
Figure 5.36. Pitch rate response to the collective descent. ........ccccceeevveeriireencieeenneeenne. 217
Figure 5.37. Tip-path plane angle of attack response to the collective descent.............. 218

Figure 5.38. Thrust vector orientation relative to the center of gravity during collective
descents. All attitudes and geometries are shown to scale.........cccceeerveenneennee. 219
Figure 5.39. Airspeed response to the collective descent. ........c.c.eeveereerneenieenieennennnen. 220

Figure 5.40. Aircraft attitude and wake geometry for the collective descent. All attitudes

and geometries are ShOWN t0 SCAlC.........cccuiieriiiiriiieeieeee e 221
Figure 5.41. Flight trajectory for the collective descent. .........c.ceevveevvveeniieeniiieenieeenne 222
Figure 5.42. Acoustic response to collective descent. ..........cccveevvveerrveenieeeniieeenieeennnes 224
Figure A.1. General coordinate system transformation. ............ccecceevvveeriveenineeenneeenne. 238
Figure A.2. Flow diagram of coordinate system transformations. ............cccccceveennennen. 239
Figure A.3. Diagram of inertial coordinate SYSteM.........ccoveeeruvieeruveenireeniiieeniieenveeennnns 240
Figure A.4. Diagram of body-fixed coordinate SyStem. ............cceecveerruveeriireeniieeenneeennn 241

Figure A.5. Order of transformation from inertial coordinate system to the body-fixed

COOTAINALE SYSLBIML.....eeeuiiieeiiieeeiiieeeieeenteeertteeeiteeeeteeeabeesareesbreesnbaeesnseeesaseeennnes 242

XixX



Figure A.6. Diagram of shaft-fixed coordinate SyStem..........cccueervureeerveenniieeniieeenieeenne 243

Figure A.7. Diagram of shaft-rotating coordinate SYStem. ........ccccceeevuveerrueeencueeencreeennne. 245
Figure A.8. Diagram of aerodynamic coordinate SyStem. .........c.cccueeeruveersureercueeenreeennnes 246
Figure A.9. Diagram of local blade coordinate SyStem. ..........cccceeeveerieriienieeneennennnen. 247
Figure A.10. Diagram of the tip-path plane coordinate system. ...........ccccceevueenueennennen. 249
Figure B.1. Body coordinate system Ori€ntation. ..........cccccueeerveeeruveeeieeennneeensneeenneeennns 250
Figure C.1. Diagram of blade-related poSition VECLOTS. ........ccovveeeruveerieeeeiiieeeiieeeveeenes 254
Figure C.2. Euler angle diagram. ...........cccccuveeriieeriieeniie et 257
Figure C.3. Time history of pitCh-up rate. .........cccoouveeviieiriiieiieeieeeeeeee e 259

Figure C.4. Comparison of exact and approximate velocity expressions over one

TEVOIULION. 1.ttt ettt ettt ettt e st et eesateeabeesaeeeanees 260
Figure C.5. Time history of pitching rate and pitching acceleration. ............cccccevuuenneee. 263
Figure C.6. Comparison of exact and approximate acceleration expressions over one

revolution at maximum fuselage pitching acceleration (top set) and maximum

fuselage pitch rate (DOttOM SEL)....cccuvieriiieriieeiieeieeetee e 264
Figure D.1. Aerodynamic loads acting in their assumed positive directions.................. 266
Figure D.2. Inflow model for forward flight..........cc.cccooiiiiiinice, 268

Figure D.3. Comparison of exact and approximate inflow through the tip-path plane at
50% nominal thrust. The top frame displays the computed value versus tip-path
plane angle of attack; the bottom frame displays the absolute error................... 272
Figure D.4. Comparison of exact and approximate inflow through the tip-path plane at
100% nominal thrust. The top frame displays the computed value versus tip-path

plane angle of attack; the bottom frame displays the absolute error................... 273

XX



Figure D.5. Comparison of exact and approximate inflow through the tip-path plane at
150% nominal thrust. The top frame displays the computed value versus tip-path
plane angle of attack; the bottom frame displays the absolute error................... 274
Figure F.1. Tip-path plane dynamic response to a 1° step input in collective applied at

revolution #0 (Bell 206B-3 at £ =0.20). Lateral and longitudinal flapping values

are measured relative to their initial conditions. ..........cceecveeeviieeriieeeiieeeieeeenn 301
Figure F.2. Tip-path plane dynamic response to a 1° step input in longitudinal cyclic

applied at revolution #0 (Bell 206B-3 at ¢ =0.20 ). Lateral and longitudinal

flapping values are measured relative to their initial conditions. ....................... 302
Figure G.1. Denominator magnitude. ...........ccocveeeriieerieeenieeeieeeiieeeieeeeneeesveeeevee e 305
Figure G.2. Magnitude of Mach number time derivative dot product...............cccue.n..... 307
Figure G.3. Distribution of expressions common to term 2. ........ccccceeceerveerieenieennennnee. 309
Figure G.4. Thickness noise specific diStributions. ........cc.ccceceerieereenienneenieenieeneeeen 310
Figure G.5. Distribution of the 10ad..........ccccoiiiiiiiniiiiiiieeeecen 312
Figure G.6. Distribution of the time derivative of the load ..........ccccooceiiiiniiinncnn. 313

XX1



Cp

CLa

Fp

Fr

Hpyp

Iy

Abbreviations and Nomenclature

Rotor disk area, m2
Lateral cyclic coefficient, rad

Blade pre-cone angle, rad
Longitudinal flapping coefficient, rad

Body reference point at the center of gravity
Longitudinal cyclic coefficient, rad

Lateral flapping coefficient, rad

Mean drag coefficient
Lift curve slope (2m), rad’!

Sectional lift coefficient

Speed of sound, m/s

Chord length, m

Fuselage drag, N

Beddoes’ empirical correction to wake skew angle
Coordinate system unit vector

Aerodynamic load normal to the hub plane, N
Aerodynamic load tangent to the hub plane, N
Equivalent flat plate area, m*

Hub reference point

In-plane H-force (in shaft coordinate system), N

Blade mass moment of inertia, kg-m>

XXil



Iy Blade mass moment of inertia about flapping hinge, kg-m”

I, Pitching moment of inertia, kg-m”
i, 7.k Basis of unit vectors
L Sum of rolling body moments, N-m
M Sum or pitching body moments, N-m
M, Relative mach number
Mg Trace Mach number
M, Main rotor rolling moment, N-m
M, Main rotor pitching moment, N-m
m Aircraft mass, kg
N Sum of yawing body moments, N-m
Ny Number of blades
n Blade surface unit normal vector
o Origin of inertial coordinate system
P Reference point on elastic axis
p Body roll rate, rad/s
Pressure on the blade surface, Pa
p’ Acoustic pressure, Pa
Oup Main rotor torque (in shaft coordinate system), N-m
q Body pitch rate, rad/s
R Blade radius, m

XXiil



~>

yl/x

Thp

Yl

Body yaw rate, rad/s

Radial position measured from root, m

Distance from acoustic source to observer, m
Unit vector from acoustic source to the observer

6, " ()

Position vector from “x” to “y

Relative distance traveled by airfoil in semi-chords
Elemental blade surface area

Thrust, N

Thrust (in shaft coordinate system), N

Coordinate transformation matrix from system “x” to system “y

Observer time, S
Source time, s

Component of air velocity relative to the blade element perpendicular
to the hub plane, m/s

Component of air velocity relative to the blade element tangential to
the hub plane, m/s

Total sectional flow velocity, m/s

Body longitudinal velocity, m/s

Control vector

Velocity of the air relative to the blade element, m/s
Reference point on the trailed wake

Induced inflow velocity vector, m/s

XX1V



Velocity of the “x” relative to the “Y” coordinate system, m/s

Longitudinal velocity of the aircraft (in shaft coordinate system)
Lateral velocity of the aircraft (in shaft coordinate system)
Vertical velocity of the aircraft (in shaft coordinate system)

Free stream velocity

Body lateral velocity, m/s
Induced inflow, m/s

Velocity normal to the blade surface, m/s

Aircraft weight, N

Body vertical velocity, m/s

Sum of longitudinal body forces, N

Recurrence function

Non-dimensional radial position, /R

Non-dimensional position from the leading edge of the airfoil
Longitudinal offset between the center of gravity and the hub, m
Sum of lateral body forces, N

Recurrence function

In-plane Y-force (in shaft coordinate system), N

State vector

Sum of vertical body forces, N

Vertical offset between the center of gravity and the hub, m

XXV



a Angle of attack, rad

o Effective angle of attack, rad

Blade flapping angle relative to the hub plane, rad

I Circulation, m?/s

Iy Bound circulation, m?/s

4 Lock number, pcC,, R*/1,

7 Descent angle, rad

AC, Differential pressure coefficient on the airfoil
0 Blade pitch angle, rad

Local angle between the surface normal vector and the radiation

direction, rad

Op Body pitch angle, rad

O Shaft tilt angle, rad

Orw Blade twist, rad

O Collective angle, rad

A Nondimensional total inflow ratio 4, — x,

A Nondimensional induced inflow ratio

Ao Nondimensional induced inflow from momentum theory
Aup Nondimensional total inflow ratio through the hub plane
U Advance ratio

e Longitudinal advance ratio (in shaft coordinate system)
My Lateral advance ratio (in shaft coordinate system)

XXV1



P

Py

Vertical advance ratio (in shaft coordinate system)
Fluid density, kg/m’

Density of the undisturbed medium, kg/m’

Body roll angle, rad

Blade azimuth, rad

Body yaw angle, rad

Wake age, rad

Angular velocity of the main rotor, rad/s

Angular velocity vector of the “y” frame relative to the “x” frame

(1))

Angular acceleration vector of the “y” frame relative to the “x” frame

Superscripts and Subscripts

First derivative with respect to time

Second derivative with respect to time

Aerodynamic coordinate system

Body (fuselage)-fixed coordinate system

Inertial coordinate system

Local blade coordinate system

Shaft-rotating coordinate system

Shaft-fixed coordinate system

Tip-path plane coordinate system

XX Vil



Abbreviations

AEDT
BVI
BVISPL
CG
DLR
FAR
FRAME
HNM
HP

HSI
INM
IRIG
MR
NIST
NOE
OASPL
ODE
ONERA
PAVE
PPGD
RONAP

Q-SAM

Aviation Environmental Design Tool
Blade-Vortex Interaction

BVI Sound Pressure Level

Center of Gravity

Deutsches Zentrum fur Luft und Raumfahrt
Federal Aviation Regulation

Fundamental Rotorcraft Acoustic Modeling from Experiments
Heliport Noise Model

Hub Plane

High Speed Impulsive

Integrated Noise Model

Inter-Range Instrumentation Group

Main Rotor

National Institute of Standards and Technology
Nap-of-the-Earth

Overall Sound Pressure Level

Ordinary Differential Equation

Office National d’Etudes et Recherches Aerospatiales
Pilot Assist in the Vicinity of Helipads

Portable Programmable Guidance Display
Rotorcraft Operational Noise Abatement Procedure

Quasi-Static Acoustic Mapping

XX Vil



RNM Rotorcraft Noise Model
SPL Sound Pressure Level

TPP Tip-Path Plane

XX1X



Chapter 1  Introduction

1.1  Background

The acoustic signature radiated by aircraft is an important concern in both civil
and military operations. For civil applications, noise generated by aircraft is a source of
annoyance to ground populations. In the United States, various government guidelines
have been created to address noise pollution radiated by aircraft near populated areas.
Such regulations include the Federal Aviation Administration’s Federal Aviation
Regulation 36 (FAR 36) in 1969, and the Noise Control Act of 1972. In Europe, EU
Directive 2002/30/EC established similar regulations for aircraft noise emissions.

For military applications, noise generated by aircraft can adversely affect the
detectability, or observability, of the aircraft. Military aircraft must be capable of
approaching a target and completing an objective without alerting the enemy. This is
particularly true for low-speed aircraft that can be vulnerable to attack from ground
personnel for long periods of time [1]. This vulnerability was exploited by Great Britain
around the Second World War with the installation of concrete acoustic mirrors that were
used to detect aircraft approaching the coastline. While more advanced radar systems
have surpassed the capabilities of the acoustic mirrors, the aural detectability of aircraft is
still a concern for many present day missions.

The problems of aircraft aural detection are further compounded for rotorcraft by
the aerodynamic environment of the rotor system and their unique operational missions.
During steady flight, the directivity of the main rotor noise sources are generally related

to the orientation of the tip-path plane of the main rotor. The tip-path plane is defined by



the path traced by the tip of the main rotor blade over a complete revolution. Noise
sources that propagate below the tip-path plane tend to annoy civilian observers as
aircraft fly overhead. Noise sources that propagate parallel to the tip-path plane tend to
set the detection distance of incoming aircraft to observers in the horizon (see top frame
in Figure 1.1). However, because helicopters often fly nap-of-the-earth patterns, the
orientation of the tip-path plane can be altered when executing transient maneuvers such
as pull-ups, dives, and rolls. These transient maneuvers can result in out-of-plane noise
sources propagating towards the horizon (see bottom frame in Figure 1.1). The
importance of transient maneuver noise on community annoyance and aural detection is a

current research topic.

Flight Path
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Figure 1.1. Directivity characteristics of main rotor noise during steady-state and

transient maneuvering flight.



In order to understand how transient maneuvering flight affects the observability
of the aircraft, it is first important to identify the dominant noise sources associated with
these maneuvers. Second, it is important to be able to model these sources to develop
mitigation strategies. And lastly, it is important to be able to predict and relay the
acoustic state of the aircraft to the pilot since noise in the cabin is frequently a poor
indicator of the true acoustic state of the helicopter [2].

1.2 Rotorcraft Noise Sources

At the highest level, rotorcraft noise sources are generally classified into two
types. The first type, rotor harmonic noise, is any noise generated by the rotor systems on
the aircraft. It is caused by steady and unsteady aerodynamic forces that can be
represented by harmonic thickness and loading noise. The second type, non-rotor
harmonic noise, is composed of rotor broadband noise and all of the other non-rotor noise
sources on the helicopter. Rotor broadband noise is aperiodic and can be caused by
random loadings due to atmospheric turbulence, inflow disturbances, turbulence from
blade boundary layer effects, vortex shedding, and flow separation. Additional non-rotor
noise sources usually include, but are not limited to, the engine, the gear box, and the
airflow around the fuselage. It has been shown that typically the external noise radiation
of the helicopter is dominated by rotor harmonic noise [2]. Therefore, this dissertation
will focus on discrete harmonic noise levels associated with the main rotor.

Main rotor harmonic noise is largely made up of four noise sources — thickness
and loading noise, which are mostly low to mid-frequency noise sources, and high-speed

impulsive (HSI) and blade-vortex interaction (BVI) noise, which are impulsive noise



sources. When present, the impulsive HSI and BVI sources are often the dominant source
of noise radiated by the rotorcraft [3].

Thickness noise is generated by the displacement of the air as the rotor passes
through the medium. This source is largely governed by the blade thickness and the tip
Mach number of the blades. Below the transonic regime, thickness noise of the main
rotor has a negative, almost symmetrical shape that is dominated by low frequency
content at the first few harmonics of the main rotor operational frequency. Thickness
noise can become large at high advancing tip Mach numbers. Thickness noise is loudest
when the far-field observer is located near the plane of the rotor in the direction of
forward flight.

Loading noise is generated by the application of the aerodynamic force of the
rotor to the fluid medium. As with thickness noise, loading noise is mostly made of low
frequency content. In a rotor system, thrust and drag are the dominant aerodynamic
forces. Lifting forces create noise normal to the tip-path plane while pressure drag forces
create noise near the tip-path plane of the rotor.

High-speed impulsive (HSI) is an impulsive version of thickness noise that occurs
when the blade operates in the transonic regime. Local shocks form in this region that
propagate near the tip-path plane of the rotor and, due to their directivity pattern, cannot
be heard inside the cabin. In the past, HSI has been a major concern for detection, but
since modern helicopters feature thinner blade sections and operate at low tip speeds, HSI
has become less of a problem.

Blade-vortex interaction (BVI) is the impulsive counterpart to loading noise. BVI

occurs when the rotor blade passes through, or in close proximity to, trailed vortices



released from preceding blades (see Figure 1.2). These interactions result in a rapid
change of the blade aerodynamic loads, and generate impulsive waves that are most
intense out of the plane of the rotor. The intensity of BVI is driven by the wake geometry,
the wake strength, and the miss distance between the rotor tip-path plane and the trailed

wake.

Trailed Wake

Figure 1.2. Illustration of a blade-vortex interaction.

The four primary main rotor harmonic noise sources and their general directivity

patterns relative to the tip-path plane are shown in Figure 1.3.

) ) Thickness Noise
High-Speed Impulsive Noise

Loading Noise
Blade-Vortex Interaction Noise

/ Y,
Figure 1.3. Main rotor harmonic noise sources.

Recently, it has been shown that when executing transient pull-up and roll
maneuvers in a Bell 206B-3 helicopter, the attitude of the main rotor tip-path plane

relative to the wake trailed by the main rotor introduced BVI noise into the near horizon
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noise radiated by the aircraft [4]. This was found to markedly increase the relative
detection distance of the helicopter. In environments with low ambient backgrounds, the
detection distance was set by the 80-150 Hz band; in environments with moderate
ambient backgrounds, the detection distance was set by the 400-500 Hz band. For the
Bell 206B-3, both critical bands lie within the BVI sound pressure level (BVISPL) band
which spreads from the 6™ main rotor harmonic to the 40™ (78 Hz to 521 Hz). Perceived
low frequency loading noise directed towards the horizon was also found to rise as the
maneuver changed the attitude of the tip-path plane and exposed the underside of the
rotor to the horizon.

This study also indicates that it may be possible to fly special combination
maneuvers that mitigate BVI radiation and thereby reduce detection distance. These
maneuvers would be designed to increase the miss distance between the tip-path plane
and the trailed wake. For example, prior to executing a maneuver, the inflow can be
increased by increasing the collective control. Combination maneuvers such as these
were attempted in 2011 and showed promise in reducing BVI emissions during transient
pull-ups and rolls [5].

1.3  Helicopter Noise Modeling

The ultimate goal of helicopter noise modeling is to be able to adequately predict
the acoustics radiated by the helicopter during flight. These models provide a means of
quantifying the contributions of noise sources and can be used for developing
methodologies for flying quietly and avoiding detection. Over the past few decades, these

models have been developed and applied to steady state maneuvers with varying degrees



of success. More recently, some of these models have been applied to maneuvering flight,
but many have yet to be validated.

Helicopter noise modeling can be divided into two categories — first-principles
models and empirical models. First-principles models attempt to capture the basic physics
of the helicopter system including the dynamics, aerodynamics, and wake structure.
These models are typically computationally expensive and many models have not been
validated with flight testing. Empirical methods incorporate acoustic and other physical
measurements into the modeling and are typically faster, but are limited to the set of
flight conditions used to generate the data. While extrapolation is possible for empirical
methods, they too require validation.

1.3.1 First-Principles Models

The ultimate objective of the first-principles model is to mathematically model
the acoustics radiated by the various sources on the aircraft. A variety of methods are
available, but some of the most widely used models are based around solving the Ffowcs
Williams-Hawkings equation, which describes sound generated by surfaces in arbitrary
motion through a medium [6]. The Ffowcs Williams—Hawkings equation is broken into
three terms: monopoles which use sources and sinks to emulate how the blade passes
through the medium; dipoles that model the aerodynamic loading of the blade; and
quadrupoles which model complex noises such as those associated with HSI noise.

One of the most well known implementations of the Ffowcs Williams—Hawkings
equation is the WOPWOP code developed by Langley Research Center [7]. Featuring the
subsonic Farassat Formulation 1A of the Ffowcs Williams—Hawkings equation,

WOPWOP computes the solution for a prescribed blade motion and aerodynamic time



history which is imported from additional computational models. In order to obtain these
additional data, the WOPWOP acoustics model is coupled with various dynamic, blade
structural, aerodynamic, and wake models.

NASA Langley Research Center initially combined the aeroacoustics WOPWOP
model with the CAMRAD.Mod1 performance, trim, and wake code and the HIRES high
resolution blade loads post-processor to compare BVI noise with wind tunnel data [8].
The results showed good agreement with the wind tunnel, but highlighted the dependence
on accurate aerodynamic loading and wake modeling. Improvements were later made by
incorporating CAMRAD II into the model which featured better wake modeling [9].

An improved version of WOPWOP, known as PSU-WOPWOP, was developed at
Penn State to model the acoustics of rotorcraft in maneuvering flight [10], [11], and [12].
PSU-WOPWOP was used under DARPA’s Helicopter Quieting Program which used
computational fluid dynamics (CFD) and computational structural dynamics (CSD) to
develop a more robust physics-based design tool [13]. To facilitate quicker computations,
the CAMRAD dynamics model was eventually replaced with the GENHEL non-linear
flight dynamics model [14]. Despite these improvements, real-time modeling was only
attainable for coarse time steps, and the early maneuvering models were not designed to
capture BVIL.

The University of Maryland has also more recently incorporated a free-wake
model into the PSU-WOPWOP and GENHEL model [15]. This model was used to
predict the acoustics of hyper-aggressive pull-up maneuvers that featured rates as high 40

deg/s. Results indicated that these maneuvers caused a bundling of the trailed wake that



led to “Super-BVI.” However, these results, which were also modeled with coarse time
steps, have not been verified with flight testing.

Presently, first-principles models have two challenges. First, they need to be able
to accurately model all of the aerodynamic source terms during maneuvering flight. This
requires adequate modeling of the rotor aerodynamic environment and the wake structure.
These models must also be validated with physical flight testing to ensure that all of the
important noise sources are adequately captured for transient maneuvers. Second, they
must be able to compute solutions in a timely manner if they are to be used for flight
simulators and on-board piloting displays. While high-order aerodynamic, structural, and
wake models may produce accurate results, they do so at the expense of computational
time.

1.3.2 Empirical and Semi-Empirical Models

An alternative to first-principles models are empirical models based on flight test
data and ground acoustic measurements. This approach reduces the necessity of modeling
the complete physics of the problem.

One of the simplest models is the Integrated Noise Model (INM) developed by
the Federal Aviation Administration [16]. Based on the procedure described in SAE-AIR-
1845, the noise radiated by an aircraft is recorded by a single microphone for three basic
trajectories: take-offs, approaches, and cruising flight (see Figure 1.4). These
measurements are then used to estimate the noise generated by aircraft in a specific
operational mode. Later, two additional microphones, 150 m off each side of the flight
path, were incorporated to capture some helicopter noise directivity characteristics. The

INM was also later expanded to the Heliport Noise Model to determine the impact of



helicopter noise in the vicinity of terminal operations. While these integrated models do
an adequate job of calculating the noise generated from commonly repeated flight

trajectories, they do not capture the individual noise sources radiated by the aircraft.

Approaching Aircraft N

f;_[) Microphone

Figure 1.4. Approach pattern measurement under SAE-AIR-1845.

The Rotorcraft Noise Model (RNM) was created by NASA Langley Research
Center and Wyle Laboratories [17]. This model incorporates source noise hemispheres
which are obtained by flying rotorcraft in steady state flight over an array of microphones
perpendicular to the flight path. These microphones recordings are used to de-propagate
the rotorcraft noise to a hemisphere surrounding the aircraft (see Figure 1.5). As the
aircraft passes over the array, the various microphones trace the sound pressure levels
over the surface of the hemisphere. Various interpolation schemes can be used to fill in
the regions of the sphere not captured directly by the microphones. A database of these

spheres is generated by flying the aircraft at various airspeeds and flight path angles.
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Noise Hemisphere

Figure 1.5. Array flyover for hemisphere generation.

RNM predicts the acoustic radiation of a helicopter by breaking a trajectory into a
series of straight-line segments and interpolating the sound hemispheres from the
available database. Though turns are not explicitly modeled, the original RNM would
rotate the sound hemispheres by the bank angle.

Gopalan extended the RNM model to accommodate moderate accelerations and
decelerations below 0.1 g [18]. Instead of using a database of airspeeds and descent
angles, the RNM Quasi-Static Acoustic Mapping (Q-SAM) model determines an
equivalent steady condition based on the tip-path plane angle of attack and the advance
ratio. Greenwood further extended the RNM Q-SAM model to accommodate turns and
moderate accelerations and decelerations by incorporating the thrust coefficient as a

parameter in the database [19].
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The European models, Sound Exposure Level Starting from Emitted Noise
Evaluation (SELENE) and the Helicopter Environmental Noise Analysis (HELENA),
operate similar to RNM, but the noise hemispheres are generated using a two-
dimensional microphone array [20], [21].

One limitation of the pure empirical models is that they require a complete
database of flight conditions for all aircraft of interest. Furthermore, while it is relatively
straight forward to interpolate between source hemispheres based on the flight condition,
extrapolation becomes a challenging task. To address this, Greenwood developed the
Fundamental Rotorcraft Acoustic Modeling from Experiments (FRAME) model [22].
FRAME incorporates some first principles models of the dominant noise sources with
analytical models from wind tunnel experiments and flight tests to form a semi-empirical
model. In Greenwood’s model, noise sources for a 2-bladed main rotor system, including
BVI, are generalized based on non-dimensional parameters and each source is modeled
separately. While the model was developed for steady maneuvers, FRAME has recently
been applied to transient pull-up maneuvers and predicted BVI noise well when
compared to ground microphone acoustics recorded during a flight test [23]. However,
FRAME is still largely driven by empirical models that are tuned to match measurements
made for a particular aircraft.

1.3.3 Previous Flight Tests

Over the years, multiple helicopter acoustics flight test campaigns have been
performed to identify the acoustic sources on rotorcraft and to develop and validate
acoustic models. While wind tunnel experiments may seem like an attractive option for

obtaining this acoustic data, they do not always yield accurate measurements for a full-

12



scale aircraft in flight. Wind tunnel experiments using scaled rotors have compared well
with full-scale flight test measurements at low to moderate advance ratios, but at higher
advance ratios discrepancies begin to appear — likely due to the sensitivity of the wake
structure to the Reynolds number and flow turbulence [24]. However, even full-scale
wind tunnel testing has been shown to be an inadequate representation of the free-air
environment at high advance ratios [25]. Therefore, the only way to capture all of the
acoustic sources of the helicopter in forward flight is to conduct full-scale helicopter
acoustic flight test programs.

One of the earliest full scale acoustic flight tests was performed by the Army Air
Mobility R&D Laboratory and the Army Engineering Flight Activity at Edwards Air
Force Base in 1975 [26]. During this test, a UH-1H helicopter was flown in formation
with an OV-1C Mohawk aircraft fitted with microphones. Under a wide range of steady-
state flight conditions, the OV-1C was maneuvered to various positions relative to the
UH-1H to quantify the directivity of impulsive noise sources (see Figure 1.6). The results
of this test also illustrated that cabin noise was not always a good indicator of the acoustic

state of the aircraft, especially for noise sources that propagate in the plane of the rotor.
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Figure 1.6. Acoustic test formation flight.

Following the success of the first test, a similar test was later performed replacing
the OV-1C with a YO-3A “Quiet” aircraft [27]. Various helicopters were evaluated using
the formation flying technique including a UH-1H, UH-60, UH-61, AH-63, AH-64, and
AH-1S. The In-Flight Rotorcraft Acoustics Program at NASA Ames Research Center
later expanded this test to study the acoustics of an S-76C to compare full-scale
measurements with those obtained in a wind tunnel [25]. The results of this flight test
campaign related the impulsive BVI noise to the advance ratio and the tip-path plane
angle of the main rotor.

In 2001, at Cochstedt Airport in Germany, the Deutsches Zentrum fur Luft und
Raumfahrt (DLR) and the Office National d’Etudes et Recherches Aerospatiales
(ONERA) conducted a thorough acoustics flight test campaign as part of the “Quiet
Rotorcraft” program [28]. The objectives of the Rotorcraft Operational Noise Abatement
Procedure (RONAP) test were to generate high quality aerodynamic data for designing
low noise flight procedures, validate aerodynamic and acoustic prediction codes, and

verify of the equivalence of scaled rotor wind tunnel and full scale flight tests. Featuring
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a Messerschmitt-Bolkow-Blohm (MBB) BO-105, the test focused on descents at various
airspeeds and descent angles, but also included some climbing flight, level flight,
transient maneuvers, and accelerating/decelerating flight.

The DLR test was expanded in 2004 as part of the Pilot Assistant in the Vicinity
of Helipads (PAVE) program [29]. Featuring a BO-105 and a Eurocopter EC-135 Flying
Helicopter Simulator (FHS), 243 different maneuvers were flown over a two-dimensional
array of microphones. These maneuvers include steady flight, steady descents, turns,
accelerations, decelerations, and transitions to-and-from descents.

In 2006, NASA, Army, Bell Helicopter, and the University of Maryland
conducted an acoustics flight test at Moffet Field, CA with an instrumented Bell 206B-3
helicopter [30]. In addition to an onboard inertial measurement system, a custom spray
rig fitted with microphones was installed to record the acoustics directly below the rotor,
and an optics-based longitudinal tip-path plane tracking system, developed by the author,
was installed to track the orientation of the tip-path plane [31], [32]. A range of steady
maneuvers, accelerations, decelerations, descents, and steady turns were used to validate
the RNM-QSAM model.

During the 2006 test, it was observed that when the pilot was maneuvering the
helicopter into the desired flight condition, impulsive noise events similar to BVI were
radiated by the helicopter. To investigate this, the same group conducted a follow-up test
at Gilroy, CA in 2007 using the same aircraft without the in-flight microphone rig. In
addition to the typical matrix of steady state maneuvers, this test also flew transient pull-
up and roll maneuvers at various rates. Further details of this flight test are discussed in

Chapter 2.
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More recently, NASA, Army, Bell Helicopter, and the University of Maryland
conducted an acoustics test campaign at Eglin Air Force Base, FL in the summer of 2011
[5]. Featuring an instrumented Bell 430 helicopter, this test focused on capturing the
acoustics radiated when executing compound transient maneuvers. This aircraft was also
fitted with a more advanced optics-based tip-path plane tracking system, developed by
the author, capable of recording the complete three-dimensional orientation of the tip-
path plane during the maneuvers. The Eglin Air Force Base campaign illustrated that by
executing maneuvers designed to mitigate BVI, it was possible to avoid radiating
impulsive noise towards the horizon.

1.4  Dissertation Objectives

The following describes the objectives of this dissertation.

e Conduct a flight test to capture near-horizon harmonic noise during transient
maneuvers. The purpose of the 2007 flight test campaign at Gilroy, CA was to
capture the impulsive noise common to transient maneuvering flight. During
this test, the aircraft executed a series of pull-up maneuvers at various rates.
Onboard instrumentation during these maneuvers is correlated with ground-
based microphones to identify the impulsive noise sources that radiated
towards the horizon. Proper monitoring of the tip-path plane attitude was
critical to this campaign.

® Develop a dynamic model that captures the governing physics of near horizon
noise during these maneuvers. The next objective develops a first-principles
model that accurately captures the dynamic behavior of the aircraft, the

orientation of the tip-path plane, the aerodynamic environment, and the
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acoustics of the helicopter. The aerodynamic model is to be designed to
predict both low frequency loading noise and high frequency loading noise.
Quantitatively compare the results from modeling with experimental data. The
results of the first principles model will be compared to the data recorded by
instruments onboard the helicopter and acoustic time histories from ground-
based microphones. This dataset includes the dynamics of the helicopter, the
attitude of the tip-path plane, and the noise radiated by the helicopter.

Develop a reduced order model that provides a good estimation of detection
distance in real time. The ultimate objective of this dissertation is to develop a
model that is sufficient in predicting impulsive noise generated by the
helicopter during transient maneuvers. This model can be used for pilot
guidance, land use planning, and developing trajectories that minimize
detection distance. A major emphasis of this reduced order model is the
incorporation of quasi-steady assumptions wherever possible and the impact
of these assumptions on the accuracy of the model. Quasi-steady models are
preferable as they can be referenced from look-up tables and are ideal for real-

time systems.

Dissertation Roadmap

The first chapter of this dissertation provides an overview of the problem and

gives a brief history on acoustic modeling techniques and relevant acoustic flight test

campaigns.

The second chapter provides a thorough review of the acoustic flight test

campaign held at Gilroy, CA in 2007. This chapter details the test environment, the
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matrix of flight conditions, the data reduction, and a preliminary investigation of the
dominant noise sources during transient maneuvering flight.

The third chapter discusses the development of the first-principles model used to
emulate the dynamics of the aircraft, the dynamics of the tip-path plane, the aerodynamic
environment, and the radiated acoustics. This chapter also describes the development of
the quasi-steady models used to expedite model computation.

The fourth chapter compares the results of the model with the measurements
made during the flight test campaign. These comparisons are applied for steady-state
flight and longitudinal cyclic pull-up maneuvers.

The fifth chapter applies the mathematical model to study the contributions of low
frequency main rotor sources to the far field acoustics. This includes an investigation of
the directivity characteristics and the relationship between the loading noise distribution
and the estimation of low frequency loading noise. Additionally, this chapter also
explores additional longitudinal maneuvers to identify trends between the piloting input,
the relative distance of the wake to the tip-path plane, and the attitude of the tip-path
plane relative to the observer.

The sixth chapter summarizes the dissertation, lists the important conclusions of

this research, and proposes new research avenues for future investigation.
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Chapter 2  Transient Maneuver Flight Test and Data Reduction

2.1  Background

In 2006, NASA, the U.S. Army, Bell Helicopter, and the University of Maryland
conducted an acoustics flight test at Moffet Field, CA with a heavily instrumented Bell
206B-3 helicopter. Acoustic measurements were made for a variety of steady-flight
maneuvers including level flight, descents, and accelerations. The purpose of this test was
to verify the RNM Q-SAM model.

During this campaign, it was observed that the helicopter would generate large
levels of impulsive noise that radiated towards the horizon when setting up and exiting
the steady maneuvers; especially when pulling up at the end of the descent maneuvers
and when rolling into each leg of the flight corridor. The intensity of this radiation was, in
some cases, similar to that experienced when the aircraft flew steady conditions known to
generate large levels of BVI noise.

To study the acoustic characteristics during these transient maneuvers, a second

test program was conducted in the summer of 2007 using the same aircraft.
2.2 2007 Gilroy, CA Flight Test

The 2007 flight test campaign was performed at a farm in Gilroy, CA. This
location was chosen due to the low levels of ambient background noise and the favorable
wind conditions. To take advantage of these conditions, the flights were conducted just

after dawn from June 13 to June 25 when there were “low-to-no”” winds.
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2.2.1 Test Site

The test site was arranged such that the microphone array was aligned
perpendicular to the flight path. The center microphone was located along with the flight
path, and additional microphones were positioned 150 m on either side (see Figure 2.1).
Each microphone station featured a B&K microphone installed on a 1.2 m tower and was
recorded on a Sony PC208/PC208Ax data recorder at a 65,536 Hz sample rate. An Inter-
Range Instrumentation Group (IRIG) time code was simultaneously recorded with the

acoustics to synchronize the microphone recordings with other measurements.

Figure 2.1. Gilroy test site layout.
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2.2.2 Aircraft

A Bell 206B-3 aircraft was used during the Gilroy test campaign. To ensure
similar thrust levels for repeat test cases, all maneuvers were flown between 95% and

100% of the gross mass (1451 kg).

Figure 2.2. Bell 206B-3 aircraft stationed at Gilroy.

The Bell 206B-3 features a 10.16 m diameter 2-bladed teetering main rotor. The
blades feature an 11.3% Modified “Droop Snoot” airfoil with a 0.33 m chord, a -11.1°
twist from root to tip, and a 2.25° pre-cone angle. Based on measurements made by
onboard instrumentation, the main rotor angular velocity is 6.51 Hz. The mast of the
main rotor is tilted forward 5 degrees.

The Bell 206B-3 also features a conventional 1.58 m diameter 2-bladed tail rotor.

The tail rotor features a NACA 0012.5 airfoil with a chord of 0.13 m. Based on
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measurements made by onboard instrumentation, the tail rotor angular velocity is 42.13

Hz.
2.2.3 In-Flight Instrumentation

The test aircraft was equipped with a suite of sensors for recording the state of the
aircraft (see Figure 2.3). All of these systems were equipped with accurate time keeping
devices so that all of the measurements could be synchronized with the ground based

microphone recordings.

Main Eotor 1/Eev
Tip-Path Plane Tracking System

Tail Eotor 1/Eev

Air Data Boom PPDGT Swsterm (Inside)

Angle of Attack ?CCE};{T aflif; .
Angle of Side Slip tich/Rollf Yaw Fates

Total Pressure égiStUTdB .
Static Pressure racking

Figure 2.3. Bell 206B-3 in-flight instrumentation package.

Inertial and navigation data was recorded using NASA’s Portable Programmable
Guidance Display (PPGD) [33]. The heart of the PPGD system is the Honeywell H-
765GU embedded GPS/INS system which features sensors for measuring acceleration,

pitch, roll, and yaw rates, velocity, body attitude, and heading. The PPDG system also
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includes an Apollo/Garmin CNX80 GPS receiver and an Ashtech Z-Sensor GPS receiver
with a Radio Technical Commission for Maritime Services (RTCM) differential receiver
to provide position data accurate to 1.6 cm. The PPDG system is integrated with an on-
board heads up display in the cockpit that provides piloting cues for each maneuver. This
system ensures that the pilot maintains the desired flight condition and remains along the
prescribed flight path. Any deviations from the nominal flight condition are observed in
the air and the maneuver can be repeated to ensure good quality data.

A Nicolet Vision Data Acquisition System (see Figure 2.4) was also installed
inside the aircraft to record measurements from a SpaceAge Control, Inc. Model 100510
Swivel-Head Air Data Boom. The Air Data Boom provides angle of attack, angle of
sideslip, total pressure, and static pressure measurements. The output of a CNS Systems
Clock II TAC 32 IRIG Receiver is also fed into the Nicolet Vision system to record the
time of day. Main rotor and tail rotor blade positions are monitored using once-per-

revolution sensors that were also fed to the Nicolet Vision system.
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Figure 2.4. In-flight measurement pallet.

The tip-path plane tracking system makes up the final in-flight measurement
device on the aircraft. This system features a custom camera and laser assembly mounted
to the fuselage of the aircraft that acquires images of the main rotor blades as they pass
overhead each revolution [31], [32]. Tip targets, attached to the blade tips of each blade,
illuminate as the blades pass through a vertical line generated by focusing a green laser
through a convex lens (see Figure 2.5). These illuminated targets are captured by the
cameras and translated into a relative flapping angle. When combined with the angle of
attack data recorded by the air-data boom, this system provides a means of tracking the
tip-path plane angle of attack. As this system only features forward and aft-facing

cameras, it is only capable of measuring the longitudinal flapping of the tip-path plane.
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Figure 2.5. TPP tracking system camera.

2.2.4 Maneuvers

Overall, 450 maneuvers were flown during the 2007 flight test. The longitudinal
maneuvers included steady level flight cases at various velocities, steady ascents and
descents at various velocities and flight path angles, and steady accelerations and
decelerations at various velocities and flight path angles. To expand RNM Q-SAM
capabilities for turns, various level and descending turns were also executed. As with the
longitudinal maneuvers, these were performed at various velocities and descent angles.
All of these maneuvers were executed following patterns programmed into the PPDG.

In addition to the steady cases, transient pull-ups and rolls to the left and right
were also studied. When performing these maneuvers, the pilot maintained a steady level

flight condition of 75 knots and an altitude of 150 feet along the flight path. When the
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aircraft was 1500 ft from the center microphone array, the pilot would execute a pure
cyclic pull-up maneuver or a pure cyclic roll maneuver (see Figure 2.6). These were
performed at slow, moderate, and fast rates as deemed by the flight crew. The purpose of
the maneuver was to capture and record the near-horizon noise associated with the initial

transient.

Initiate Maneuwer Pure Cyclic Pull-up

Center
Microphone

L 4
150 ft I 4 1t Tower L

1500 ft

Figure 2.6. Transient maneuver flight pattern.

As will be shown later in this dissertation, the acoustics generated during these
maneuvers is extremely sensitive to the orientation of the tip-path plane, the positioning
of the wake, and the loading distribution on the advancing side of the rotor disk. Since
lateral measurements of the tip-path plane were not available during this test program,

only the transient pull-up maneuvers will be investigated.
2.3 Data Reduction

The data reduction process can be broken into two synchronization processes. The
first process is used to synchronize all of the data to a common time. As mentioned above,
data from all of the various scientific instrument pallets were equipped to receive an
accurate time signal. Analog instruments simultaneously recorded the IRIG time format
of the National Institute of Standards and Technology (NIST) broadcast signal. Digital

instruments stored the serial timestamp message transmitted by the GPS receivers.
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The second process is used to account for the retarded time between when noise
was emitted by the aircraft, the source time, and when it was received by the
microphones, the observer time. This process is shown graphically in Figure 2.7. The

relationship between the observer time, #,, and the source time, 7 , is given by the

retarded time equation:

t, =t +— 2.1

Where 7 is the position vector from the observer to the source and c is the speed
of the wave through the medium — in this case the speed of sound. The source position

vector must also take into account the motion of the medium in the presence of wind.

Aircraft when Sound is Received

Aircraft when Sound is Emitted

Figure 2.7. Retarded time diagram.

By converting all of the measurements into observer time, it is possible to

correlate the acoustic trends with the state of the aircraft.
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2.3.1 Slow Pull-up

This section will discuss the reduced data set for the slow pure cyclic pull-up
maneuver. All data is shown relative to the source time so that the ground microphone
trends can be correlated to the state of the helicopter. For clarity, all time is measured
relative to the start of the data record and most of the steady state data prior to executing
the pull-up maneuver is not shown. In-flight measurements indicate that this maneuver
produced a maximum pitch rate of 4.4°/s and that the pull-up was executed
approximately 46.5 seconds into the run (see Figure 2.8). The pitch rate data indicates the
pull-up was held at a fairly constant rate of 2.5°/s over the duration of the record. Also
note that the in-flight measurements suggest that the pilot performed a slight nose-down

transient just prior to executing the pull up.
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Figure 2.8. Body response during slow pull-up maneuver.

The time histories of the three microphones are shown in Figure 2.9. At a source
time of 48 seconds, both the center and retreating-side microphones begin to experience
increased levels of impulsive noise. This initial increase also coincides with when the
fuselage begins to pitch-up at a steady rate. These levels increase over the first 1 to 1.5

seconds. These levels then remain higher than the steady condition over the duration of
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the maneuver. This suggests that during the maneuver, the wake remains in close
proximity to the tip-path plane.

The lack of a notable increase in impulsive noise levels on the advancing side
microphone suggest that the noise radiation was not directed towards the microphone on

the advancing side.
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Figure 2.9. Acoustic time history during slow pull-up maneuver.

The time history of multiple sound pressure metrics is presented in Figure 2.10 for
each microphone. These metrics include the overall sound pressure level (OASPL) over
the entire frequency range, the BVI sound pressure level (BVISPL) which contains
content from the 6™ main rotor harmonic to the 40™ main rotor harmonic (78 Hz to 521
Hz for the Bell 206B-3), and the sound pressure level between the 1* and the 6™ main

rotor harmonic (13 Hz to 78 Hz for the Bell 206B-3). As observed from the acoustic time
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histories, BVI captured by the center and retreating-side microphones results in an
increase in the BVISPL during the course of the maneuver while levels stay relatively
low on the advancing side. However, the low frequency noise below the 6™ main rotor
harmonic shows an increase on all three microphones. This indicates that during the
maneuver, the tilt of the tip-path plane, in addition to radiating BVI noise to the horizon,

also exposes the far field observer to low frequency loading noise.
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Figure 2.10. Sound level metrics during slow pull-up maneuver.

Additional in-flight measurements are provided in Figure 2.11. During the steady
region, the initial advance ratio and tip-path plane angle of attack were 0.19 and -1.4°
respectively. Over the execution of the maneuver, the aircraft decelerates rapidly, which
will have important implications in the number and locations of the blade-vortex

interactions. As the aircraft begins to pitch-back, the tip-path plane angle of attack
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becomes positive and the normal acceleration felt within the aircraft increases. The tip-
path plane angle of attack reaches a maximum value of 0.8°; the maximum normal
acceleration 127% over nominal g-loading. Peaks in the tip-path plane attitude and
normal acceleration both occur approximately 49 seconds into the record; approximately

2.5 seconds after the slow pull-up maneuver is executed.
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Figure 2.11. Additional in-flight measurements during slow pull-up maneuver.

2.3.2 Moderate Pull-up

The second reduced data set is for the moderate pure cyclic pull-up maneuver. In-
flight measurements indicate that the maneuver was executed around 36.5 seconds into
the data record, experienced a maximum pitch rate of 6.8°/s, and was held around 5°/s

over the duration of the maneuver (see Figure 2.12).
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Figure 2.12. Body response during moderate pull-up maneuver.

The acoustic time histories of the three microphones for the moderate pull-up
maneuver are shown in Figure 2.13. Increased levels of impulsive noise are detected by
the center and retreating-side microphones around 38 seconds into the record; again
coinciding with when the notable increases in fuselage pitch begins. As with the slow
pull-up maneuver, these data suggest that the wake approaches and remains in close
proximity to the tip-path plane during the maneuver. This time, the pull-up maneuver is
executed in a location that permits the advancing side microphone to also pick up
increased impulsive noise. However, the sensitivity of the directivity is indicated by the
short duration of the increased impulsive noise on the advancing-side microphone as

compared to the other two channels.
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Figure 2.13. Acoustic time history during moderate pull-up maneuver.

The time histories of multiple sound pressure metrics is presented for the
moderate pull-up maneuver in Figure 2.14. In this maneuver, all three microphones
captured an increase in BVISPL noise. Furthermore, all three microphones show an
increase in the low frequency noise as the tip-path plane exposes the observer to the low
frequency loading noise projected out of the plane of the rotor. Though BVISPL levels
surpass the levels between the 1* and 6™ main rotor harmonics for the center microphone
during the maneuver, the low frequency noise remains the largest contributor to the

overall acoustic levels on the retreating and advancing-side microphones.
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Figure 2.14. Sound level metrics during moderate pull-up maneuver.

Additional in-flight measurements for the moderate pull-up maneuver are shown
in Figure 2.15. During the steady region, the initial advance ratio and tip-path plane angle
of attack were 0.19 and -2.6° respectively. Over the execution of the maneuver, the
aircraft decelerates faster than in the previous case. As the aircraft begins to pitch-back,
the tip-path plane angle of attack becomes positive and the normal acceleration felt
within the aircraft increases. The tip-path plane angle of attack reaches a maximum value
of 2.7°; the maximum normal acceleration 145% over nominal g-loading. Peaks in the
tip-path plane attitude and normal acceleration both occur approximately 40 seconds into

the record; approximately 3 seconds after the moderate pull-up maneuver is executed.
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Figure 2.15. Additional in-flight measurements during moderate pull-up

maneuver.

2.3.3 Fast Pull-up

The final reduced data set is for the fast pure cyclic pull-up maneuver. In-flight
measurements indicate that the maneuver was executed around 40.7 seconds into the data
record and the aircraft experienced a maximum pitch rate of 17.6°/s at 42.5 seconds.
Unlike the other two pull-up maneuvers, the pitch rate was not held constant after

execution, and began to decrease over the course of the maneuver (see Figure 2.16).
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Figure 2.16. Body response during fast pull-up maneuver.

The acoustic time histories of the three microphones during the fast pull-up
maneuver are shown in Figure 2.17. The center and retreating-side microphones first
observe increases in impulsive noise at 42 seconds into the data record, roughly the same
time that the fuselage begins to pitch up. However, unlike the previous maneuvers, there
are two distinguished amplitude peaks over the course of the maneuver — likely due to the
wake passing through the tip-path plane twice. The first occasion is likely due to the
wake passing through the tip-path plane as the aircraft pitches up. However, instead of
remaining in close proximity during the entire maneuver, the pull-up is severe enough
that the wake passes through and moves above the tip-path plane where the impulsive
noise levels temporarily decrease. Then, as the pitch rate drops, the wake likely passes
through the tip-path plane a second time creating the second rise in impulsive noises. As
in the case of the moderate pull-up, the advancing-side microphone is in a suitable place
to observe an increase in impulsive noise, but due to the directivity of the advancing side
BVI, the duration is not sufficient enough to feature the multiple peaks seen on the other

channels.
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Figure 2.17. Acoustic time history during fast pull-up maneuver.

The sound level metrics for the fast pull-up maneuver are presented in Figure 2.18.
All three microphones witness increases in the BVISPL band and all feature moments
where the BVISPL is the largest contributor to the overall acoustic levels. However, the
center and retreating side microphones both contain dips in the BVISPL. As pointed out
previously, this is likely due to the wake passing through the tip-path plane twice. During
the momentary dip in BVISPL, the low frequency noise continues to increase as the tip-
path plane exposes the out-of-plane loading noise towards the horizon. These levels

eventually drop as the tip-path plane begins to tilt forward at the end of the maneuver.
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Figure 2.18. Sound level metrics during moderate pull-up maneuver.

Additional in-flight measurements for the fast pull-up maneuver are shown in
Figure 2.19. During the steady region, the initial advance ratio and tip-path plane angle of
attack were 0.19 and -2.5° respectively. Over the execution of the maneuver, the aircraft
decelerates faster than in the other pull-up maneuvers. As the aircraft begins to pitch-back,
the tip-path plane angle of attack becomes positive and the normal acceleration felt
within the aircraft increases. The tip-path plane angle of attack reaches a maximum value
of 9.7°; the maximum normal acceleration 173% over nominal g-loading. Peaks in the
tip-path plane attitude and normal acceleration both occur approximately 43 seconds into

the record; approximately 2 seconds after the moderate pull-up maneuver is executed.
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Figure 2.19. Additional in-flight measurements during fast pull-up maneuver.

2.3.4 Summary of Maneuvers

Below is a summary of the initial and peak in-flight measurements for the three
maneuvers.

Table 2.1. Summary of Maneuvers

Peak Normal

Maneuver Initial u Initial arpp Peak Pitch Rate Peak azpp
Acceleration
Slow 0.19 -1.4° 4.4°/s 0.8° 1.27 g’s
Moderate 0.19 -2.6° 6.8°/s 2.7° 145¢’s
Fast 0.19 -2.5° 17.6°/s 9.7° 1.73 g’s
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2.4  Preliminary Analysis of Fast Pull-up Maneuver

Once the data reduction is complete and the acoustic trends synchronized to the

state of the aircraft, it is possible to focus on the characteristics of the impulsive noise.

The first task compares the general shapes of the impulse to known classical BVI forms.

The second task investigates the sequence of the individual blade-vortex interactions. The

later task will address the presence and severity of the wake bundling before introducing

the more complicated first principles analysis. This preliminary analysis will focus on the

data set for the most aggressive pure cyclic pull-up maneuver.

2.4.1 Impulse Pulse Shape Investigation

The acoustic time histories shown in Figure 2.20 presents the raw microphone

recordings for one full blade revolution from the Bell 206B-3 during a steady 4.5°

descent at 60 knots — a condition known to generate severe BVI noise for the aircraft.
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Figure 2.20. Acoustic time history during a known BVI condition.

As each blade passes through the advancing-side region of the rotor, it comes into

close proximity to the trailed wake and generates several impulsive interactions that

radiate into the far field. Each of these interactions includes an initial negative pulse

followed by a positive pulse. The quantity and directivity of these pulses is largely a
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function of the wake geometry. For high advance ratios, the wake is stretched out behind

the aircraft and only a few interactions occur; at lower advance ratios, the wake is

contracted and more interactions can occur. This concept is shown for advance ratios of

0.2 and 0.1 in Figure 2.21. Recall that during the fast pull-up maneuver, the range of

advance ratios is similar to that shown in Figure 2.21. This illustrates the range of

possible interactions that can be experienced over the duration of the pull-up maneuver.

Trailed Wake

_ *‘2‘2‘5

T T e e e

Figure 2.21. Overhead view of helical wake at different advance ratios.

The raw acoustic time history for a complete revolution during the fast pull-up

maneuver is presented in Figure 2.22. This sample is taken for the center microphone

around 42.6 seconds into the maneuver when the maximum impulsive noise is observed.

For convenience, the time history for the 4.5° descent known to produce BV is plotted in
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the top frame and the time axis aligned for comparison. Note that the helicopter was at a
different distance away from the microphone array when these samples were taken and

the amplitudes have not been adjusted to account for this difference.
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Figure 2.22. Acoustic time history for the 4.5° steady descent (top) and the fast

pull-up maneuver (bottom).

These data indicate that the impulsive noise captured during even the most
extreme pull-up maneuvers is extremely similar in shape to the classical BVI pattern.
This qualitative analysis of the pulse shape suggests that the impulsive noise experienced
during the maneuvers is attributed to BVI as the wake passes through the tip-path plane.
Next, a general model will be discussed to investigate the sequencing of expected BVI

events.
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2.4.2 Blade-Vortex Interaction Acoustic Phasing

In this section, a model that treats the BVI interactions as uniformly weighted
omni-directional disturbances will be applied. This model features the same technique
developed by Schmitz and Sim [34], [35], but with adjustments made to account for
maneuvering flight. These models were developed to capture the grouping of BVI
disturbances and can be used to predict when BVI should be captured in the far field.
Adequately modeling the aerodynamics and acoustics of the BVI events require more

sophisticated models which will be developed in the following chapter.
2.4.2.1 Wake Geometry Update

Because the tip-path plane orientation is changing dynamically during
maneuvering flight, steady-state expressions that describe the wake position relative to
the tip-path plane like those derived in reference [36] cannot be used. Instead, a time
stepping procedure is used to account for variations in velocity, flight trajectory, body
attitude, and tip-path plane attitude.

Consider the general diagram shown in Figure 2.23. In this diagram, the point O,
represents a fixed inertial point in space, the point B represents the center of gravity of
the helicopter, the point H represents the main rotor hub, and the point V represents a
point on the trailed wake. The absolute velocity of V is then simply the time derivative of
the absolute position vector from O to V. Since V is a point in the medium, the absolute
velocity of V'is simply the velocity of the medium at that location.

For the purposes of developing a simple omni-directional disturbance model, the
following assumptions will be made when updating the wake. First, the inertial velocity

of the medium will only be the inflow through the tip-path plane, V;. Second, the inflow
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through the tip-path plane will be uniform. Third, no blade flapping will be considered;
the tip-path plane will be normal to the shaft. Fourth, the trailed wake will be modeled as

a prescribed helical wake.

Tip-Path Plane

o

Figure 2.23. Wake geometry and position vector diagram.

The velocity of a point on the wake relative to the hub in the tip-path plane, m ,

is found to be:

Vor =V, =V =" x5 (0™ + 0 x5, (2.2)

1

Where ‘E is the velocity of the center of gravity relative to the inertial frame,

@"" is the angular velocity of the body relative to the inertial frame, @'’® is the angular

velocity of the tip-path plane relative to the shaft frame (zero for the simplified case of no
blade flapping), % is the position vector from the center of gravity to the hub, and ﬁ

is the position vector from the hub a point on the trailed wake. Each point on the wake is

advanced using a forward Euler scheme with time step At:

K= VA (2.3)

VIH
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2.4.2.2 Omni-Directional Disturbance Model

Following the “Level A” modeling developed by Sim [34], a unit strength
disturbance is radiated omni-directionally wherever the blade intersects the projection of
the prescribed wake in the tip-path plane. These omni-directional spheres radiate towards
the far-field at the speed of sound and are assumed to be non-decaying. An illustration of
this model is shown in Figure 2.24. The circles near the intersection of the reference
blade and the wake are the boundary of the omni-directional disturbances as seen if
looking at the tip-path plane from above. The diameter of the circle is indicative of how
far the disturbance has propagated since it was created. Accumulation of the disturbance

boundaries is indicative of the strength of the pressure wave.

180° —

Figure 2.24. Omni-directional modeling of an oblique interaction.

When describing BVI interactions, it is beneficial to also consider the trace Mach
number. This is the speed at which a trace of the blade-vortex intersection moves relative

to the stationary medium [37]. The trace Mach number is defined as:
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U
M, =— (2.4)
csiny

Where U is the velocity of the blade at the intersection, ¢ is the speed of sound,

and ¥ is the blade-vortex intersection angle (see Figure 2.25).

Figure 2.25. Trace Mach number geometry.

This level of modeling also provides a means of characterizing the types of BVI
interactions. Generally, these are classified as either oblique interactions or parallel
interactions. A graphical representation of an oblique interaction was shown previously in
Figure 2.24. Oblique interactions occur when the blade intersects the wake at oblique
angles and are localized to a single part of the blade during the interaction. In this
example, the oblique interaction creates an accumulation of acoustic pressure waves that
radiate forward and towards the retreating-side of the tip-path plane.

A graphical representation of a parallel interaction is shown in Figure 2.26.
Parallel interactions occur when the blade is nearly parallel to the wake at the time of

intersection. This simultaneously triggers disturbances over the length of the blade. In
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this example, the parallel interaction creates an acoustic pressure front that propagates

forward and to the advancing-side of the tip-path plane.

90"

180° —

Figure 2.26. Parallel interaction.

Figure 2.27 displays the six interactions that occur for a 2-bladed main rotor
traveling at an advance ratio of 0.19 — the same advance ratio flown prior to the execution
of the transient maneuvers during the Gilroy flight test. Because inboard portions of the
blade contribute little to acoustics [35], only the interactions occurring on the outer 50%
of the reference blade are illustrated. The gray arcs indicate the location in the tip-path
plane of all of the intersections between the blade and the projection of the wake over one
full revolution. Note that there are four interactions on the advancing side of the tip-path
plane (labeled #1 through #4) and there are two interactions on the retreating side

(labeled #R1 and #R2).
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Figure 2.27. BVI interaction locations in tip-path plane at p = 0.19.

Details of the individual interactions are provided in Figure 2.28. In each frame,
the left image displays the interaction geometry and the boundaries of the radiated omni-
directional disturbances. The large gray arrow in the geometry plots indicates the
direction that the dominant acoustic pressure wave front propagates. The right image in
each frame plots the trace Mach number of each intersection versus the blade station
where the intersection occurs. The arrow above each trace Mach number curve indicates
the direction that the trace Mach number changes over the course of the interaction. Note
that interactions #1 and #R1 are essentially the same continuous interaction, but have
been divided to separate advancing and retreating-side features. The same is true for #4

and #R2.
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Figure 2.28. Details of interactions at u = 0.19.

Interactions #1 and #2 on the advancing side are both oblique interactions that
propagate forward and slightly towards the retreating-slide of the tip-path plane. The
interaction of #1 begins at the blade tips and moves towards the root. Over the course of
this interaction, the trace Mach number is always subsonic. The interaction of #2 also
begins at the blade tip and moves towards the root, but the trace Mach number associated
with this interaction is initially supersonic. Therefore, the initial disturbances associated
with interaction #2 are likely to group together and create a strong pressure wave.
Interaction #3 on the advancing side is a nearly parallel interaction that propagates
forward and towards the advancing-side of the tip-path plane. The #3 interaction begins

near the middle of the blade and rapidly propagates towards the tip at a supersonic trace
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Mach number. As with the supersonic #2 oblique interaction, this interaction will also
produce a strong grouping of focused disturbances. The final interaction on the
advancing-side, #4, is oblique and radiates to the advancing-side of the aircraft. This
interaction begins inboard and radiates towards the tip accelerating over the course of the
maneuver.

Interaction #R 1 on the retreating-side is an oblique interaction that radiates aft and
towards the retreating-side of the tip-path plane. This interaction starts inboard and
accelerates towards the tip, but the trace Mach number remains subsonic over the course
of the interaction. The other interaction on the advancing side, #R2, is an oblique
interaction that radiates forwards and to the advancing-side of the tip-path plane. The #R2
interaction is initially supersonic, but rapidly decelerates as the interaction moves inboard.
It is important to point out that both retreating-side interactions occur substantially later
than the advancing-side interactions and are typically more benign when compared to
their advancing-side counterparts [38]. Furthermore, these interactions are all specific to
a 2-bladed rotor and an advance ratio of 0.19. Under maneuvering flight, the quantity of

interactions, the directivity patterns, and the trace Mach numbers will change.
2.4.2.3 Application to the Fast Pull-up Maneuver

The omni-directional modeling technique was applied to the fast pull-up
maneuver using a prescribed helical wake. These synthetic time histories are compared
with the actual time histories. If notable wake bundling was present during the maneuver,
then the wake distortions would create a misalignment between the groupings of the
omni-directional disturbances in the synthetic time histories and the acoustic time

histories measured by the ground microphones. If, however, the two time histories do
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align, then the wake structure must be similar to the prescribed model and wake
distortions are minimal.

Comparisons between the omni-directional model and the acoustic measurements
made at the microphone along the flight path are provided in Figure 2.29 and Figure 2.30.
At the top of each figure is the total acoustic time history over the maneuver. This top
frame also features six shaded regions corresponding to a complete rotor revolution taken
at three-revolution increments. The triangle over each region labels the subsequent
detailed snapshots.

The details of the shaded regions appear below the total time history. The right
frame of each detail is a top view of the tip-path plane indicating the locations of the BVI
intersections. The top left frame of each detail is the acoustic time history recorded by the
microphone along the flight path. The bottom-left frame of each detail is the synthetic
wave generated by the accumulation of the omni-directional disturbances at the same
location. Each interaction is labeled in the tip-path plane overhead view and identified in
the synthetic time history. Vertical guidelines are included to compare notable groupings
from the omni-directional model with the acoustic time histories. For clarity, only
disturbances on the outer 50% of the reference blade span are displayed. Note that
because of the nature of the discretization in the omni-directional model, oblique

interactions are generally captured better than parallel interactions.
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Figure 2.29. BVI details for revolutions the first half of the pull-up maneuver.
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Figure 2.30. BVI details for the second half of the pull-up maneuver.

53



In general, the alignment of the groupings from the omni-directional model
matches well with the impulsive spikes observed in the recordings from the ground
microphone. The basic wake model adequately captures the transition of the #3
interaction from a parallel interaction to an oblique interaction as the helicopter
decelerates, the steady weakening of the #1 and #2 interactions, and the formation of
additional interactions near the aft region of the tip-path plane. All of these trends are also
captured by the ground microphones. This suggests that there is no significant wake
distortion during the most aggressive pull-up maneuver executed during the flight test
campaign.

2.4.3 Summary

Three preliminary conclusions were drawn by dissecting the acoustic time history
from the pull-up maneuvers.

1. The individual pulse shape of the impulsive noise matches very well with
the impulsive noise captured during a condition known to produce large levels of BVI
noise. Therefore the impulsive noise content of the near-horizon harmonic noise observed
when executing the transient pure cyclic pull-up maneuvers is likely attributed to blade-
vortex interactions as the wake passes through or in close proximity to the tip-path plane.

2. The groupings of an omni-directional disturbance model featuring a
prescribed helical wake are coincident with the impulsive spikes present in the
microphone time histories. This suggests that there was no significant wake bundling
when executing even the most aggressive of the pull-up maneuvers. Furthermore, most of
the acoustic energy radiated forward of the aircraft appears to be generated by oblique

interactions on the advancing side of the rotor.
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3. Low frequency noise is related to the attitude of the tip-path plane during
the maneuver. As the tip-path plane tilts back, increased acoustic levels of low frequency

loading noise are radiated towards the horizon.
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Chapter 3  Governing Equations

3.1 Overview

Many helicopter acoustic prediction codes follow a procedure similar to the block
diagram in Figure 3.1. A control input sequence is passed into a model that captures the
dynamics and aerodynamics of the aircraft. The output of the dynamics and
aerodynamics model, which typically includes the trajectory of the aircraft, the motions
of the main rotor blades, and the blade loads, are then passed into an acoustic model that

predicts the acoustics radiated by the helicopter.

Dynamics & Acoustics
Controls » Aerodynamics > Model
Model

Figure 3.1. Classic flow diagram for acoustic prediction codes.

The fidelity of the dynamics and aerodynamics modeling can be tailored to meet
the requirements of the modeler. For example, dynamics models may incorporate blade
bending modes and aerodynamics models may incorporate free wake models for
sophisticated loading calculations. Many available models couple the high fidelity
dynamics and aerodynamics computations together and require advanced iterative solvers
to obtain solutions.

A consequence of this approach is that the solvers tend to be extremely
computationally expensive to operate while many of the details featured in the high

fidelity models contribute little to the overall behavior of the aircraft in flight. As the
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objective of this dissertation is to capture the general trends of the dynamics and
acoustics during pull-up maneuvers, a simplified first-principles model is developed in
this chapter.

Consider an alternative acoustic prediction model, outlined in Figure 3.2. A
control sequence is passed into a dynamics model where the blade loads, blade flapping,
and aircraft trajectory are found for longitudinal flight assuming rigid main rotor blades
and uniform inflow through the tip-path plane. These data are processed using two paths
to compute the radiated acoustics. The low-frequency loading path passes the low-
frequency blade loads through a refinement model that makes corrections for unsteady
aerodynamics. These refined low frequency blade loads and the blade geometry are lastly
passed into an acoustics model responsible for calculating the low-frequency loading and
the thickness noise of the helicopter. Alternatively, the high-frequency loading path
passes the trajectory and flapping data into a trailed wake model that is necessary to
predict high frequency blade-vortex interaction (BVI) noise. High frequency blade loads
are found by integrating the induced velocity along the trailed wake using the
incompressible form of the Biot-Savart law. After correcting for unsteady aerodynamics,

the blade loads are passed into an acoustics model to compute the BVI noise.
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Figure 3.2. Modified block diagram for acoustic prediction code.

A major assumption in this model is that the high frequency loads from the wake
used to calculate BVI noise have a negligible contribution to the motion of the aircraft
and the flapping of the main rotor blades. Therefore the refined aerodynamic loads are
not fed back into the dynamics model. Flight test data will later be used to validate this
assumption.

The details of each block and the governing equations of the models are addressed

in the following subsections.
3.2 Dynamics Model

The dynamics model handles the governing equations for the motion of the
aircraft and flapping for a two-bladed teetering rotor. The inputs to the dynamics model
include the collective and cyclic control positions. The outputs include the motion of the
aircraft, the flapping response of the main rotor blades, and blade loads for uniform
inflow. The derivation of the set of closed-form dynamics expressions is similar to the
technique used by Chen to develop a simplified mathematical model for flight simulation

[39], [40]. A benefit of using closed-form expressions is that they can be computed on the
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fly at a relatively low computational expense; a feature ideal for real-time in-flight

systems.

—» Aircraft Motion

Controls Settings
Dynamics Model — Blade Flapping

6,(1). 4(1), B,(x)

\ 4

—» Blade Loads (for Uniform Inflow)

Figure 3.3. Dynamics model diagram.

3.2.1 Dynamics Model Assumptions

In order to obtain closed form expressions that govern the general low-frequency
motion of the aircraft and the tip-path plane during the initial transient of the pull-up
maneuvers, several simplifying assumptions are made. As a consequence of these
simplifications, the governing equations are valid over a limited range of flight conditions.
Fortunately, these assumptions have been shown to be valid for performance and stability
calculations for advance ratios below 0.3 [41], [42]. A summary of the assumptions are
listed below.

Controller Assumptions:

The Blade pitch for the Bell 206B-3 is described by a first harmonic series and the

blade features a linear twist from the root to the tip:
6(t)=8,— A cosy—B, (t)siny/+%49rw (3.1)

Dynamic Modeling Assumptions:

° Longitudinal and lateral helicopter motions are assumed to be independent

and only longitudinal motion is considered. Though the flight test data
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does indicate that some coupling exists, these effects are weak during the
initial pull-up transient where longitudinal motion dominates.

° The individual blades are rigid in bending, torsion, and lag. These
simplifications are made to capture the general blade motion but are
generally valid for blades where the elastic axis, center of gravity, and

aerodynamic center are coincident.

o Blade flapping is assumed to follow a first harmonic series:
B(t)=a, —a, (t)cosy —b (t)siny (3.2)
B(t)=—[a (t)+b (1) Q]cosy —[b, (1) —a, (1) Q]siny (3.3)

B(1)==[d, +2b (1)Q~a (1)Q Jeosy ~[b (r)-24, (1) Q-bQ" |siny (3.4)
. Higher harmonic flapping terms are assumed small and are neglected.
° Main rotor RPM remains constant during the maneuver. On the Bell
206B-3 this is accomplished using a governor on the engine. It is assumed
that the governor response instantaneously.

Aerodynamic Modeling Assumptions

° Inflow through the tip-path plane is assumed uniform. In forward flight,
there is a notable longitudinal variation in the inflow, but this primarily
affects the lateral blade flapping. Furthermore, the uniform inflow through
the tip-path plane is calculated from momentum theory using the quasi-
steady thrust and tip-path plane angle of attack. This assumption is
generally valid since the aircraft motion is slow compared to the response

time of the inflow.
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° In accordance with blade element methods, quasi-steady aerodynamic
strip theory is used to obtain the blade loads acting at the quarter chord of
each blade segment.

o Reverse flow and compressibility effects are neglected. These effects have
been shown to be important for blade vibration and strength calculations,
but have a minor influence on stability and control characteristics.

3.2.2 Dynamics Model Governing Equations

The dynamics model can be divided into two coupled sets of equations: those that
govern the motion of the aircraft body, and those that govern the motion of the rotor
blades.

3.2.2.1 Fuselage Equations of Motion

An aircraft is illustrated in longitudinal flight in Figure 3.4. Two coordinate
systems used to obtain the governing equations for the fuselage motion are shown in this
diagram: the body coordinate system and the shaft coordinate system. The body

coordinate system is fixed to the center of gravity of the aircraft, B, and is aligned such

that the longitudinal body unit vector, fB , points towards the nose of the aircraft parallel

A

to the waterline, and the vertical body unit vector, k,, points downwards normal to the
waterline. The fuselage pitch attitude, &,, is the angle of the longitudinal body unit

vector measured relative to the horizon. The body coordinate system is used to derive the
body equations of motion since the products of inertia remain constant in this reference

frame.
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The shaft coordinate system is fixed to the center of the hub, H, and is aligned

such that the unit vector 7, points towards the nose of the aircraft and lies in the hub

plane and the unit vector Igs points downwards parallel to the shaft. The hub is offset
from the center of gravity longitudinally by x, and vertically by z, , and the shaft is
tilted back from the vertical body unit vector by 6. It is convenient to derive the rotor

loads acting at the hub in the shaft coordinate system. Further details regarding these and

other coordinate systems used in the model can be found in Appendix A.

Hub Plané ~~~~___
u S
«— el
HorizonTeB\ : /

I

V.

w
u

Figure 3.4. Motion diagram for a helicopter in longitudinal flight. All

measurements are shown positive.

Referring to Figure 3.4, the longitudinal motion includes a longitudinal
component, u , acting along fB, a vertical component, w, acting along IQB, and pitch rate,
18

q , about the center of gravity. For no-wind conditions, the free stream velocity, V.

oo ?

the resultant of the longitudinal and vertical velocity components. For no-wind conditions,
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the descent angle, 7,,, is the angle of the horizon measured relative to the free stream

velocity vector.

The free body diagram of the same aircraft in longitudinal flight is shown in
Figure 3.5. In this model, the primary external loads acting on the aircraft include the
weight of the aircraft, W, the drag of the fuselage, D, the aerodynamic pitching moment

of the fuselage, M, and the rotor loads acting at the hub. Rotor loads are shown

)v’

decomposed into a term normal to the hub plane, 7,,, and a term that lies in the hub

HP>

plane, H,,. The directions of the rotor loads are assumed positive when acting in the

same direction as the shaft coordinate system unit vectors.

Hub Plane™ =~~~ _ _ H,, ()] [/

u

. i

a Tt
P
Horizon 7‘93\ / D (t )
Vb v /28
w w j
w
u

Figure 3.5. Free body diagram for longitudinal flight.

The equations of motion for the rigid fuselage symmetric about the fB - IQB plane

for longitudinal flight, derived in Appendix B, are given below.

X =m(u+qw) (3.5)
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Z=m(w—qu) (3.6)
M=14 3.7)

Where m is the mass of the body, and 7 is the pitching moment of inertia of the

Referring again to Figure 3.5, X is the sum of external loads acting along body

unit vector i,:

X =T,,sin6; + H,, cos6, — Dcos(y, +6,)—Wsin6, (3.8)
Z 1is the sum of external loads acting along body unit vector IQB :
Z=T,,cos6;, —H,,sind, —Dsin(y, +6,)+W cos6, (3.9)
And M is the sum of pitching moments about the center of gravity:
M =T,,cosb;x, —T,,sinb;z, —H,,cos6;z, —H,,sinb;x, + M (3.10)
The fuselage drag, D, acts parallel to the free-stream velocity and is defined as:

D=%pvjf (3.11)

Where f is the equivalent flat plate area of the fuselage.

Expressions for the rotor loads, 7,, and H are found by integrating the

HP >

aerodynamic loads over the span of each rotor blade. These terms, which are derived in

Appendix D, are summarized below for longitudinal flight.

H,, - % pcC,R(QR)'{8,A, +6,,B, —AC, —BD, +E, } (3.12)

Where,
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c boa o c‘zlj
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DH = __lHP__ﬂ) I+_lux_l

2 2 8" Q

THP = %pCCL(ZR(QR)Z {QOATHP + QTWBTHP _A]CTHP _BIDTHF + ETHP}

1 3 1
—iaU +—A,.a +—
E 3Q 2
H,, _lHPb_l_i_ldlaO
Q 3 Q
Where
A =24 }
= —| — #(
He _3 -
11,
BT =—- E+—ﬂx
C, =0
D, =-u

1 b
ET = Z’HP __ﬂr_
. 27

(3.13)

The advance ratio term, 4 _, in the above expressions is the advance ratio relative

to the hub plane:

X

_ucosf; —wsin g
QR
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Inflow through the hub plane, 4,,, is related to the inflow through the tip-path

plane, 4, , as follows:

Aup = App — 1,0 (3.15)
Where A, is found using quasi-steady momentum theory (see Appendix D).

3.2.2.2 Main Rotor Equations of Motion

The blade flapping motion is found by the equilibrium of inertial and
aerodynamic moments about the flapping hinge [43]. A diagram of flapping motion for
forward flight is provided in Figure 3.6. If the aerodynamic loads are assumed to act at
the elastic axis, the only external force acting on the blade that contributes to the flapping
motion is the sectional aerodynamic force perpendicular to the elastic axis, dF, . If the
center of gravity of the blade segment is assumed to lie on the elastic axis, the only
inertial load that contributes to the flapping motion is that produced by the product of the

component of the absolute acceleration perpendicular to the elastic axis, a,, and the mass

of the blade element. By using the absolute acceleration of the blade element to describe
the inertial load, the pseudo forces (i.e. centrifugal and Coriolis forces) do not have to be

treated as external loads.
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Figure 3.6. Rotor blade flapping diagram.

Integrating the elemental flapping moments along both blades and assuming
flapping motion follows a first harmonic series produces a system of second order
differential equations that describes the blade flapping (see Appendix F for the complete
derivation).

Harmonically matching cosine terms of the second order differential equation for

flapping yields:
. 1, 1,
i = —Q(Zd] +2b]j+Qz g[ﬂxao —%(1+—,u;jbl +%(1+—ux )AJ—Q%(] (3.16)

Harmonically matching the sine terms of the second order differential equation

for flapping yields:
. 7. .Y 1, 8 3,
b =Q|2a —=b |+2Qq+Q ~||(1-—p |a ——p 6 +|1+—u |B -2u6 +2u4 | (3.17)
3 2

8 8

Where, 7, is the Lock number of the blade.
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Two alternative flapping models are also considered in this dissertation that
further reduces computational cost. The first approximates blade flapping as a system of

first order differential equations by neglecting the acceleration of the flapping
coefficients (i.e. d, = b1 = (). This essentially neglects the inertial moment of the blade

about the hinge. In this model, the first order differential equations for main rotor

flapping become:

4y 1 1 128
?ﬂxao _16(1_2/‘.3)”1 - 7(1"'2#5)171 +Tﬂx90
1 2 3 2
T 1+5ﬂx A —16 1+Eﬂx B, +3241,6;, =320 Ay,
s — 3.18
@ ¥ +256 ¢ G
634ﬂxao + 7(1_;:“?)“1 _16(1"';:“)3)[’1 _837/lux‘90
@y 1 3
. +16[1+2ﬂjjA1 + }/(14'2/13}31 =201 Oy + 2L Ay
b = (3.19)

¥’ +256
The second approximates the blade flapping as a quasi-steady system by

neglecting the angular acceleration and velocity of the flapping coefficients (i.e. d, = b1

=aq, = 151 = 0). This model essentially assumes an instantaneous balance of aerodynamic

and centrifugal moments about the flapping hinge. In this model, the flapping coefficients

are found to be:

(3.20)
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:(ﬂxao +i(1+;ﬂfjAlj_g
b = 3.21)

1
1+
( 2”*)

The dynamic response of the tip-path plane under a 1° step input in collective and

longitudinal cyclic are shown in Figure 3.7 and Figure 3.8 respectively for the Bell 206B-

3 traveling in level flight at 4 =0.20. For reference, the responses of the reduced order

model and the quasi-steady model are also provided. The longitudinal and lateral
responses curves indicate the deviation of the flapping coefficients from their initial
values. These plots also include reference lines for determining the settling time of the
system. The settling time criteria require that the amplitudes of the oscillations be within
5% of the final quasi-steady value.

For the applied step function, the longitudinal flapping settles within 1.4 rotor
revolutions; the lateral flapping settles within 2.4 revolutions. However, under both input
perturbations, the overall flapping response of the tip-path plane is largely driven by the
response of the longitudinal flapping coefficient. Note that both the 2" order and 1% order

flapping models reach the settled values at similar times.
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Figure 3.7. Tip-path plane dynamic response to a 1° step input in collective

applied at revolution #0 (Bell 206B-3 at #=0.20). Lateral and longitudinal

flapping values are measured relative to their initial conditions.
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Figure 3.8. Tip-path plane dynamic response to a 1° step input in longitudinal

cyclic applied at revolution

#0 (Bell 206B-3 at ¢ =0.20 ). Lateral and

longitudinal flapping values are measured relative to their initial conditions.
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3.2.2.3 Combined Equations of Motion

Combining the body and main rotor equations of motion yields a set of 8 coupled,

nonlinear differential equations for maneuvering flight typically represented in the form:
y=g(v.ur) (3.22)

Where, ; 1s the state vector, u is the control vector, and ¢ is time. In the derived

dynamics model:

52 u,w,q,a,b,c’zBB
g { 1°Y llh} (3.23)
u

= {00 A, B, }
The governing equations derived in this section for the fuselage and blade motion

are summarized below.

. —Wsin8, +T,,sin6 + H,,, cosf; —Dcos(y, +6,)
0= —qw (3.24)
m

P W cos @, +T,, cos6; — H,, sin6; — Dsin(y, +86,) +qu (3.25)
m

(T,p cos6; — H, sin6; ) x,, —(T'sin 65 + H cos 6 ) z,, + M|

7= 3.26
q I (3.26)
. d
a, :E(a') (3.27)
- d
a:EM) (3.28)
a =—Q(Zd] +2[5]j+921[ﬂxa0 —E(l+lﬂfjbl +3(1+lyfjAJ—QZq (3.29)
8 6L "' 4l 27 40 27 8
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(3.30)
4 1 8 3 .
+Q = | 1-—u |a, ——pu6 +|1+—u |B -2u6, +2ul,
8 2 3 2

éB =q (3.31)
The solution to the above set is found by applying a numerical integrating method.

In this dissertation, a 4™ order Runge-Kutta iterative method is applied [44]. This concept

is shown graphically in Figure 3.9 for a single time step.

S E— —>T,,
q.a.b ,,f < Rotor Loads and >y
- HL _— Inflow Expression HP
Controls —————> ‘ > X'HP
u,w ——> u i u
T Hq —> Body b w
v 2| Equations of Motion
6, ——> ™ ,
q
dl
U, W —————> .
; bq e Main Rotor b,
a4 D —2 Equations of Motion .
Yy ———> a,
Controls ——————>|
bl
g ——> Kinematics 6,

Figure 3.9. Block diagram for equations of motion and blade flapping for a single

time step.

For the simplified case of flapping described by the set of first order differential

equations, the governing equations for main rotor flapping become:
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4y 1 1 128
3 o _16(1_2/1?}“1 - 7[1"'2/15)171 +Tﬂx80

+7(T+;/éj/h—16(L+;ﬂfj3f+yhgem,—32ﬂﬂ&W

a - 3.32
! 7 +256 ¢ 32
64 1 1 8
3M%+ﬂkdﬁ}w%%ﬁdﬂﬂh—;m%
2 1 3
+16£1+ ZlujjAl + 7(1+2ﬂfj31 - ZWXHTW + zwxﬂ'ﬁp
b, = (3.33)
¥’ +256
i, =0 (3.34)
b =0 (3.35)

For the case of flapping described by the quasi-steady model, the governing

equations for main rotor flapping become:

a,=0 (3.36)
b =0 (3.37)
i, =0 (3.38)
b =0 (3.39)

And the quasi-steady flapping coefficients are calculated directly:

8 3 16
gﬂxeo +24.6, _(1 +2ﬂijl =24 Ay _}/g.

a, = 7
1-—u?
( 2”*)

b = (3.41)

(3.40)




3.3  High Frequency Aerodynamic Loading Model

In the derivation of the dynamics model, several simplifying assumptions were
made regarding the aerodynamic environment of the blades and the wake structure. The
first major assumption was that the inflow induced by the wake through the rotor was
uniform. The second major assumption incorporated quasi-steady two-dimensional strip
theory and ignored the effects of unsteady aerodynamics. In reality, the wake structure is
more complicated and a better representation of it is required for adequate prediction of
BVI noise.

For a main rotor in forward flight, the vortex wake structure is a combination of
two sources: the trailed wake and the shed wake (see Figure 3.10). The trailed wake,
results from the spanwise distribution of lift (and therefore spanwise distribution of
circulation) over the rotor blade. These trailed vortices tend to form perpendicular to the
elastic axis [36]. The overall induced inflow is largely related to the trailed wake.

For rotor blades, the lift and bound circulation tend to be concentrated at the blade
tips resulting in very strong trailed vortices on the outboard portion of the blade. These
outboard vortices quickly roll up to produce a trailed tip vortex of circulation equal to the
maximum bound circulation on the blade and are the dominant feature of the rotor wake
[43]. A similar vortex circulating in the opposite direction is also generated at the root,
but because the bound circulation gradient is smaller on the inboard section of the blade,
the root vortex tends to be weaker and more diffuse than the tip vortex [43]

The shed wake results from temporal variations of the spanwise distribution of lift.
From Kelvin’s Theory of Circulation, any change in circulation results in the shedding of

a counteracting vortex [45]. This vortex tends to form parallel to the elastic axis. Shed
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wake elements closest to the blade tend to delay the effects of changes in the induced
velocity on the rotor blade. Therefore the shed wake is important for unsteady

aerodynamics.

Blade Lift and Circulation
Distribution

Shed Vortex

N\

Trailing Vortex /
T Rolled up Trailed Tip Vortex

Figure 3.10. Wake vortex structure.

This section discusses the implementation of the wake model and the computation

of refined aerodynamic loads.
3.3.1 High Frequency Aerodynamics Model Assumptions
The following assumptions made within the high-frequency aerodynamics models
are summarized below.
° Aircraft motion and blade flapping is governed by low frequency dynamic
and aerodynamic loading. Contributions from the high frequency

aerodynamics model are assumed negligible and are not fed back into the

dynamics model.
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3.3.2

The trailed wake vortex filaments are rolled up and released from the tip.
The strength of the vortex filament is equal in magnitude to the maximum
bound circulation found from the blade loads predicted in the dynamics
model. The weaker inboard vortices are ignored.

The vortex filaments are approximated as straight lines. This
approximation is made to simplify integration of the Biot-Savart equation
along the wake, but is generally valid for small filaments with low
curvature.

The vortex is a Vatistas model with a fixed core radius and does not
change over time.

Motion of the tip vortex nodes with respect to the tip-path plane is

prescribed by an inflow model and the motion of the tip-path plane.

Trailed Wake Model

The addition of the trailed wake is used to obtain more accurate high frequency

blade loadings for the computation of BVI noise. This is accomplished by incorporating a

prescribed wake and integrating the Biot-Savart law along the wake to compute the

induced velocity at a blade station. It is assumed that the trailed wake vortices are

instantaneously bundled at the tip of the blade. The wake itself is modeled as a series of

straight-line filaments released from the tip of each blade (see Figure 3.11). All of the

outboard trailed vortices are rolled up at the tip.
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Figure 3.11. Trailed wake structure.

3.3.2.1 Trailed Wake Strength

The strength of the vortex filament rolled up and released from each blade is
assumed to be equal in magnitude to the maximum bound circulation strength of the
blade. This assumption is generally valid for lightly uniformly twisted blades like those
featured on the Bell 206B-3. The Kutta-Joukowski theorem provides a link between the

bound circulation, I',, and the lift [46]:

T, = %VmcCl (3.42)

Using the general loading expression from the dynamics model, the location of

the maximum circulation can be calculated by taking the first derivative of the circulation
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expression with respect to span location and equating the result to zero. After expansion,
the non-dimensional span location of maximum bound circulation is found to be:

pcosf.

; b
_90 _(q_A1 +9TW#\‘ +b1 +aljcosw_( - B, +9TWﬂx -4 +ljSinl/j
Q ' Q Q ‘ Q
_ (3.43)
26

™

r MAX

This radial station is substituted into the low-frequency loading expression to

obtain the magnitude of the maximum bound circulation on each blade.
3.3.2.2 Trailed Wake Motion

The geometry of the trailed wake filaments is updated based on the motion of the
tip-path plane and a prescribed Beddoes inflow model. Consider Figure 3.12. Under no-

wind conditions, the velocity of a vortex node, V , relative to the tip-path plane is:

m:QR/?'i,TPP _@_WXE_(W'FwWS)Xﬁ (3.44)
Tip-Path Plane
\L .......... Trailed Wake

\l/ i 4 / e
e ;g ---------------------------- Inflow Distribution, /?vi,TPP (r W1 )

Figure 3.12. Wake geometry.

Where 4, ,,, is the inflow through the tip-path plane — which may be a function

of radial location, azimuth location, and time, \E is the absolute velocity of the body,

_

r, s is the position vector from the center of gravity, B, to the hub, H, r,, is the
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position vector from the hub to a vortex filament node in the trailed wake, @®" is the

absolute angular velocity vector of the fuselage, and @™ is the angular velocity vector
of the tip-path plane relative to the shaft.

The nodes of each wake filament convect through the medium by a prescribed
inflow distribution. In this dissertation, the Beddoes’ inflow distribution is used which

has been shown to agree well with both experimental results and the free vortex wake

3
Ao1op [1 +E XT% -E (yT—;P) ] under the rotor disk
2'i,TPP = 3 (3.45)
220 1pp [1 —-E (%j J outside the rotor disk

Where 4, ,,, is the rotor induced inflow from momentum theory for forward

model [36].

flight, x,, is the i, coordinate of the node in the tip-path plane, y,,, is the J,

coordinate of the node in the tip-path plane, and E is the Beddoes suggested empirical
value equal to half of the wake skew angle [36].

The location of each wake node relative to the tip-path plane is updated by
numerically integrating the relative velocity of the vortex node relative to the tip-path

plane over the time step (see Figure 3.13).
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Figure 3.13. Wake geometry update block diagram.

With the wake geometry and strength known, the induced velocity at each blade
segment is found by integrating the induced velocity from each of the individual vortex
filaments. The induced velocity from each filament is calculated using the incompressible

Biot-Savart law integrated along a straight segment (see Figure 3.14):

— I
— v 5
vV, = (cos6, —cosb,)é (3.46)
4xr
p
Where
’ixrz‘
r, =
"
r
cosf, =2~
o
Ier,
cosf, = 2=
‘ro )
. EXT
é="=
x5
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Figure 3.14. Induced velocity from a straight-line vortex at a point on the blade.

The total induced velocity at a point on the blade is found by summing the
induced velocity from all of the filaments for all of the blades.

In this vortex model, a singularity occurs as the blade approaches the vortex
filament. To prevent this numerical anomaly, the Vatistas model featuring a finite core

size, r,, 1s introduced:

r r A
:—"—pun(cosel—cosez)e (347)

ind 471'(r2n+r2n)

This form of the Biot-Savart law is a general form to accommodate a variety of
vortex models. In the case of n=1, the model reduces to the Scully vortex model. The
Rankine vortex model is obtained as n — . In this dissertation, the Bagai-Leishman
model is used where n =2 . This model has been shown to agree well with experimental
measurements [36].

From here, the geometric angle of attack is found by replacing the uniform

induced velocity with the integrated induced velocity from the trailed wake.
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3.3.3 Unsteady Aerodynamics

As with the trailed wake, direct incorporation of the shed wake to account for
unsteady aerodynamics is possible at the added cost of additional computations of the
Biot-Savart law. Fortunately, unsteady aerodynamic effects can also be captured through
the Leishman-Beddoes 2D incompressible indicial aerodynamics model. This indicial
model is then used to calculate the effective angle of attack using the one-step recursive

approximation to the Duhamel’s integral:

X (s)=X(s—As)e™ + AAe, (3.48)
Y(s)=Y(s—As)e™ + A A, (3.49)
(Ze(s)za(s)—X(s)—Y(s) (3.50)
Where s is the reduced time:
2 ot
s =;j0th (3.51)

The empirical constants used in the preceding equations are the same values as
used by Leishman in reference [36]. Two dimensional airfoil strip theory with the

effective angle of attack is used to compute the updated unsteady sectional blade loads.

For Each Blade Section

Y(s—As)—> —> Y (s)
X(s—As)—>|  Indicial Model —>X(s)
a(s—As),a(s) —> —> ae(s)—l

Strip Theory — Sectional Blade Loads

U[,7UT _>

Figure 3.15. Unsteady aerodynamics block diagram.
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3.3.4 Quasi-Steady Wake Model

By far the greatest computational expense is the repeated calculation of the Biot-
Savart law when finding the induced velocity at the blades from the trailed wake.
Because the motion of the helicopter and the tip-path plane is arbitrary during
maneuvering flight, the induced velocity of all of the trailed vortex filaments must be
calculated at each time step.

One possible means of expediting these calculations would be to replace the time-
integrated wake position model with a quasi-steady model based on a snapshot of the
advance ratio, inflow through the tip path plane, and orientation of the tip-path plane. The
wake positions reduce to a set of closed-form expressions that relate the position of the
filament nodes as a function of wake age. Assuming a Beddoes inflow distribution, the

wake positions as a function of wake age are:

x, =Rcos(y, -y, )+ Ruy, (3.52)

y; =Rsin(y, -y, (3.53)

RA, .. (1 + E(cos (v, —v ) +05uy - ‘(hj Dj x, <-Rcos(y, -y )
) R
R

z, =—Ruy —<2RA, . (1 -E jl//” cos(y, -y ) >0 (3.54)

otherwise

Where y, is the blade azimuth angle and ¥/, is the wake age.

Using such a model, it is possible to use a look-up table that stores the induced

velocity over the rotor disk as a function of position, inflow, advance ratio, and angle of
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attack of the tip-path plane. This is the same technique used for the Quasi-Static Acoustic
Mapping method. In the following chapter, the quasi-steady wake model will be
compared to the time integrated model to investigate the impact on the prediction of the

aeroacoustics.
3.4  Acoustics Model

As mentioned in Chapter 1, the Ffowcs Williams-Hawking (FW-H) equation is
one of the most commonly used methods to describe noise generated by surfaces in
arbitrary motion. The FW-H equation is composed of three source terms: monopole,

dipole, and quadrupole.

EJ'{—'O 0Vn } das (n) (monopole)

or | [+fi=a,
N
rp'(x.1) = —gﬂdli—ﬂ}} ds(n)  (dipole) (3.55)
1 ; r T
0’ T,
ds drupol
+8xl.8xj J[,»|1_Mr l (7) (quadrupole)

s

The monopole term models the thickness noise of the rotor blade by treating the
blade as a set of mass sources and sinks that displaces the medium. Blade geometry
governs the distribution of the monopoles. The dipole term models the aerodynamic
forces of the blade on the medium. Aerodynamic loads found using the refined
aerodynamic model govern the dipoles. The quadrupole term models the aerodynamic
stresses produced in the flow field around the blade. Aerodynamic stresses are important
when modeling complex noise sources like high-speed impulsive noise [47]. Since the
tested aircraft did not exhibit HSI during the flight test, only the monopole and dipole

terms are featured in the acoustic model.
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From the Farassat Formulation 1A form of the FW-H equation [48]:

—

T
a(v ) oM
P d py | re— .
"ot aT pcv. (M, -M )
—+ —+ - ds (monopole)
r(l—M’)' r(l—M')‘ rl(l—M’)
47;;p'(x,t) _ J L Far Field Term Near Field Term . (3.56)
(| oM .
—cos @ re—— pcos @ A >
plcos@ — Men M —M )pcosé
7 — 97 - ( - )+( ’ ) ds  (dipole)
cr(l—M’)' cr(l—M’)y rz(l—M’)' rz(l—M’)‘
J L Far Field Term Near Field Term

Where p' is the acoustic pressure, p, is the density of the undisturbed medium,
i is a vector normal to the blade surface, v, is the local normal velocity of the blade
surface, r is the distance from the source to the observer, 7 is the unit vector from the

source to the observer, M is the Mach number vector of the source, M is the magnitude

of the Mach number vector, M, is the Mach number of the source projected in the
radiation direction, ¢ is the speed of sound, p is the local pressure at the surface found

from the aerodynamics model, @ is the local angle between the surface normal vector
and the radiation direction, and dS is the elemental surface area. The 7 outside each
bracket is to indicate that the values are computed at the time of emission.

3.4.1 Implementation Notes for the Acoustics Model

In implementing Farassat’s Formulation 1A solution to the FW-H equation, two
special considerations are addressed in this acoustics model. These include the compact
chord loading assumption and the treatment of reflections for tower microphones.

As mentioned in the aerodynamics loading model, strip theory is used to compute
the aerodynamic loads at each blade segment. These loads are then applied at the quarter

chord. This “compact chord” assumption tends to over predict far field acoustics because
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the loading distribution is localized to a single point on the blade segment. To illustrate
the impact of this assumption, consider a case with a hovering helicopter interacting with
a single prescribed vortex on the advancing side. The prescribed vortex is aligned such
that it is coincident with the elastic axis with the blade at the 90° azimuth station.

Two cases are investigated in this example. The first assumes that the entire load
for the blade segment is compact and is placed at the quarter chord. The second converts
the segment load to a chordwise differential pressure on the mean chord using a flat plate

model [49]. This distribution is specified as:

26 [i=x
T X

AC,

(3.57)

Where AC, is the differential pressure acting on the airfoil, C, is the local lift

coefficient, and x is the non-dimensional distance from the leading edge.

A comparison of the two loading models is presented in Figure 3.16 for an
observer 30° below the tip-path plane using the high frequency aerodynamic loading
model. In the compact chord model, the entire load for an airfoil segment is localized at a
single point. Therefore all of the acoustic sources for that segment are bundled together
and are received simultaneously by the observer resulting in higher predicted acoustic
pressure levels. In the non-compact chord model, the phasing of the distributed sources
results in a slight reduction of the amplitude of the wave. Furthermore, the specified
loading distribution for the airfoil places the majority of the aerodynamic load near the
leading edge. This results in a phasing difference between the two models where the

loading noise from the non-compact chord distribution is received earlier.
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Figure 3.16. Comparison of compact and non-compact chord loadings.

The second issue addressed in the acoustic model deals with ground reflections.
During the Gilroy flight test, the microphones were attached to 4’ towers. As a result,
source noise emitted from the aircraft was received by two paths illustrated in Figure 3.17.
The direct path is represented as the solid line; the reflected path is represented as the
broken line. The reflected path impacts the ground ahead of the microphone at some

incidence angle 6, and is reflected at the same incidence angle towards the microphone.

The value of the incidence angle depends on the height of the microphone and the
relative position of the microphone to the aircraft. Since the reflected path is longer, the
reflected signal will be received by the observer later in time. In this model, the reflection
is treated as an ideal specular reflection and all frequency content are reflected by the

ground.
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Figure 3.17. Diagram of acoustic reflection.

The effect of the reflection on the low frequency loading noise for a complete
revolution is shown in Figure 3.18. The observer is positioned 30° below the tip-path
plane and 4’ above the ground. Direct loading noise is plotted as a blue solid line,
reflected loading noise is plotted as a blue broken line, and the total loading noise is
plotted as a solid green line. The delay from the reflected signal is apparent in the phase
delay between the direct and reflected signals. However, the low frequency nature of the
wave causes the direct and reflected waves to combine together producing a wave nearly

twice the amplitude of the direct signal.
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Figure 3.18. Specular reflection for the loading noise produced under the low

frequency loading model.

The effect of the reflection on the high frequency loading noise for a complete
revolution is shown in Figure 3.19. As in the case study for the compact chord analysis, a
single prescribed vortex is placed in the tip-path plane such that it is coincident with the
blade elastic axis at the 90° azimuth station. Since the vortex interaction is largely
impulsive, the effects of the reflection are noticeably different. Even though the phase
delay between the direct and reflected signals is identical to the low frequency case above,
the impulsive nature of the signal results in the reflected signal appearing as a second
vortex interaction. In the case of a single BVI, the reflected wave does not interact with
the direct pulse. However, in cases with multiple BVI, the reflected signal could interact

with other impulsive noise and alter the high frequency noise prediction.
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Figure 3.19. Specular reflection for the loading noise produced under the high

frequency loading model.

3.5 Trim Model

During the pull-up maneuvers flown at Gilroy, the pilot first entered a steady
flight corridor. This steady flight condition was maintained for several hundred feet
before the pull-up maneuver was executed. To obtain the initial control settings during
this steady flight corridor, a trim model is developed based on the previously described
dynamics model.

Consider the free body diagram for an aircraft operating in trimmed flight as

shown in Figure 3.20.
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Figure 3.20. Free body diagram for trimmed flight.

The external loads have been replaced with the trimmed values that are averaged

over one rotor revolution:

TEz%ifTHP (1)dy (3.58)
| o

Hyp =~ ! H,,(1)dy (3.59)

D =i2”D(t)dy/ (3.60)
27y,

Where the bars indicate the time-averaged value over one main rotor revolution.

From the free body diagram, the required fuselage pitch attitude and rotor loads

are found by simultaneously solving the three force balance equations for 6,, E, and

H,,:
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I:Bsin(}/D +€B)—Wcos€B]xH —I:Bcos(}/D +HB)+Wsin98]zH +M, =0 (3.61)

T,, = Dsin(y, +6, +6,)—W cos (6, + 6, ) (3.62)

H,, = Dcos(y, +6, +6,)+Wsin (6, + 6, ) (3.63)
Once the pitch attitude and required rotor loads for trim are known, the trim
collective, 6?_0 trim longitudinal cyclic, El and trim flapping coefficients, a_1 and b_1 are

found by simultaneously solving the rotor load and flapping equations for steady flight.

— 1 ) 2 )\ — 1 2 —
T, =—pcC, R(QR) [—(—MJ% ——(1+42)6,, + 1B, mﬁp} (3.64)
2 3 2 ' ’

2—)=— 1 — 1 —\ =
_(IUA/?'IIP +ga1j€0 _E(luxﬂ’u.v +a1 )g’rw +5(/111P +lu,ra1 )B]
- 1 )
H =Ech R(QR) (3.65)

8 3
gﬂxeo +2/.65, _(1"'2/“5}31 _zlux/lHP
[
1=~ 42
( 2‘“)

4
— gﬂxao
b =—— (3.67)

1
I,
1+—u
( 2”*j

The trim solutions are shown for the Bell 206B-3 for level flight as a function of

(3.66)

advance ratio (Figure 3.21) and as a function of flight path angle for an advance ratio of

1 =0.20 (Figure 3.22). In all cases, it is assumed that the lateral cyclic is 0° and the

aircraft motion is purely longitudinal.
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Figure 3.21. Trim control angles for level flight versus advance ratio.
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Figure 3.22. Trim control angles versus flight path angle (u=0.2).
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3.6  Summary

This chapter developed the governing equations for a first-principles dynamics,
aerodynamics, and acoustics model for longitudinal flight given a prescribed set of
collective and longitudinal cyclic controls. For comparing the Gilroy flight test data,
these controls are set so that the response of the aircraft matches the measurements made
during the flight test. However, arbitrary control inputs can be fed into the dynamics
model to investigate the impact of executing alternative longitudinal maneuvers.

Once a solution to the dynamics model is found, a more advanced wake model is
applied to obtain high frequency blade loading. This model incorporates a prescribed
wake and uses the incompressible form of the Biot-Savart law to find the induced
velocity at the blade. Unsteady aerodynamics are also included to account for the effect
of the shed wake on the local aerodynamics at the blade sections.

Lastly, the blade loads and geometry are fed into an acoustics model that solves
the Ffowcs-Williams Hawkings equation to predict the acoustic time histories in the far-

field.
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Chapter4 Comparison with Flight Test Data

4.1 Overview

This chapter compares the predictions of the first-principles model with the in-
flight measurements and ground microphone recordings taken during the Gilroy flight
test. All maneuvers were flown in the early morning with low ambient winds. Wind
speeds did not exceed 3 knots on the ground.

The first set of comparisons will be made for a series of steady descents. Ground
microphone recordings from the three ground stations will be presented alongside the
predicted acoustics. The objective of the steady descent study is to verify that the model
captures general trends for the radiated acoustics.

The second set of comparisons will be made for the transient pull-up maneuvers.
Measurements from the in-flight data recording system will be used to verify the
predictions of the dynamics model. Measurements from the ground microphones will be
used to verify the acoustics model.

Lastly, the effects of the reduced order and quasi-steady models will be studied.
These include the reduced order flapping models and a quasi-steady wake positioning
model. This study will be used to validate the use of quasi-steady approximations for

transient pull-up maneuvers.
4.2  Steady Flight

Before applying the model derived in Chapter 3 to study the transient pull-up

maneuvers, it is important to compare the model with a set of steady conditions. For this
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purpose, the model predictions will be compared to a set of steady descents that were
flown as part of the 2007 Gilroy flight test.
During the steady descents, the pilot, with the aid of the heads up display of the

NASA PPDG system, maintained a constant flight path angle, 7,, and airspeed. These

trajectories were designed so that the pilot flew perpendicular to the microphone array at

a trajectory that coincided with a point 130 m above the center microphone (see Figure

4.1).

Advancing-Side
Microphone

Ground Track

Retreating-Side

Center Microphone

Microphone

Figure 4.1. Steady descent flight trajectory.

The run log summary for the steady descents is presented in Table 4.1. Ground
wind speeds measured at the ground were less than 3 knots during the steady descent

maneuvers. Overall the pilot achieved a flight trajectory fairly close to the objective.
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Table 4.1. Steady descent test cases.

Target Actual
UMD Run Time of Day . Descent . Descent
Airspeed Angle Airspeed Angle
UMD329 6:16 60.0 kts 3.0 deg 62.9 kts 2.8 deg
UMD330 6:21 60.0 kts 4.5 deg 62.5 kts 4.6 deg
UMD331 6:26 60.0 kts 6.0 deg 63.1 kts 5.8 deg
UMD332 6:31 60.0 kts 7.5 deg 63.4 kts 7.0 deg
UMD336 7:38 60.0 kts 9.0 deg 64.8 kts 9.3 deg

The traces of the three ground microphones over a sphere surrounding the aircraft
are illustrated in Figure 4.2. The center of the sphere is assumed coincident with the hub
and the acoustics are measured in the far field. The concentric circles in the plot indicate
the elevation of the microphone relative to the tip-path plane with -90° directly beneath
the tip-path plane of the rotor; the radial arms in the plot indicate the bearing of the

microphone relative to the tip-path plane with 180° directly ahead of the aircraft.
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Figure 4.2. Trace of ground microphones relative to the tip-path plane for the

steady descent maneuvers.

Figure 4.2 illustrates that in all of the descent maneuvers, the tracks of the

microphones relative to the tip-path plane followed similar paths. This ensures that the

directivity characteristics captured by the microphones should also be similar for all of

the test cases.

Based on these tracks, the location of acoustic “hotspots” for each microphone

can be found by referring to acoustic spheres generated for the Bell 206B-3 from

previous flight tests. These regions are a result of the directivity of the various acoustic
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sources; in particular BVI noise. A summary of the target microphone positions and that
achieved during the steady descent is provided in Table 4.2. The acoustics captured by
the microphones at these locations are compared to the theoretical signals in the
following subsections.

Table 4.2.Acoustic hotspots.

Microphone | Microphone

Run Azimuth* | Elevation* Distance
Advancing-Side Microphone

Target 140.0 deg -30.0 deg 280.0 m

UMD329 139.8 deg -30.0 deg 269.9 m

UMD?330 140.2 deg -29.2 deg 290.8 m

UMD331 139.7 deg -30.5 deg 285.8 m

UMD332 140.1 deg -30.6 deg 299.0 m

UMD336 140.4 deg -33.9 deg 271.8 m
Center Microphone
Target 180.0 deg -30.0 deg | 300.0 m
UMD329 179.5 deg -29.9 deg 272.7 m
UMD330 176.1 deg -29.9 deg 287.2 m
UMD331 176.3 deg -29.9 deg 298.6 m
UMD332 175.9 deg -29.9 deg 315.7m
UMD336 180.8 deg -30.0 deg 334.0 m
Retreating-Side Microphone
Target 230.0 deg -35.0 deg 235.0 m
UMD329 230.5 deg -34.5 deg 237.5m
UMD330 229.3 deg -35.8 deg 235.5m
UMD331 230.2 deg -36.7 deg 233.6 m
UMD332 230.4 deg -37.7 deg 233.7 m
UMD336 230.5 deg -36.9 deg 246.6 m
*Relative to the Tip-Path Plane

A topographical diagram indicating all of the possible BVI interactions for the
Bell 206B-3 traveling at 60 knots is shown in Figure 4.3. These locations were identified
using the techniques developed in Chapter 2. Note that under these conditions, there are
four possible interactions on the advancing side (#1, #2, #3, and #4) and there are three

possible interactions on the retreating side (#R1, #R2, and #R3).
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Figure 4.3. BVI Interaction Locations for a 2 bladed rotor at 60 knots (n = 0.15)

Directivity plots of each of the possible interactions are predicted using the omni-
directional disturbance model. Interactions #1, #2, and #4 on the advancing side are all
oblique interactions. Interactions #1 and #2 begin at the blade tips and move inboard and
tend to radiate forward and slightly towards the retreating side of the aircraft. Interaction
#4 begins inboard on the blade and moves towards the tip and tends to radiate aft towards
the advancing-side. Interaction #3 is a nearly parallel interaction that radiates forward and
towards the advancing-side of the aircraft. Interactions #R1, #R2, and #R3 on the
retreating side are all oblique interactions. Interaction #R1 propagates aft and to the
retreating-side of the aircraft. Interactions #R2 and #R3 radiate slightly forward and

towards the advancing-side of the aircraft.
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Figure 4.4. Details of BVI interactions.

Using the omni-directional disturbance model, the individual BVIs can be
identified in the microphone time histories. Figure 4.5 indicates the significant BVIs for
the advancing-side, center and retreating-side microphones at their target locations during
a 4.5° descent. As expected from the directivity characteristics of the possible BVIs, the
strongest interactions are #1, #2, and #3 on the advancing side. These three interactions
are captured by the advancing-side and center microphones. While some BVI are found
in the retreating-side time history, due to the directivity patterns they are not as
pronounced
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Figure 4.5. BVI details for a 4.5° descent.

4.2.1 Center Microphone

The BVI sound pressure level for the center microphone as a function of the

descent angle are presented in Figure 4.6. The markers indicate the measurements made

Ldvancing

T L=
30"

Eetreating

e

by the ground microphones and the lines indicate the predictions of the high frequency

loading model. All data are for the center microphone located at an azimuth of 180° and

an elevation of -30° relative to the tip-path plane.
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Figure 4.6. Center microphone sound pressure level trends.

At low descent angles, the wake is far enough below the main rotor, that the BVI
noise is low. As the descent angle increases, the inflow through the tip-path plane is
reduced and the wake remains in close proximity to the tip-path plane causing increased
BVI radiation. Measurements from the ground microphones indicate that this occurs
around a descent angle of 5°. Steeper descent angles result in the wake passing above the
tip-path plane and the BVI levels reducing.

Overall, a similar trend is captured by the first principles model. The model does
tend to over-predict the acoustic levels, but this is likely explained by the simplified
prescribed structure, propagation model for the wake, and compact chord loading
assumptions.

Individual time histories of the microphone recordings and those produced by the

model are presented in Figure 4.7. The time histories are arranged horizontally by the
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descent angle and vertically by the loading model. The first column presents the physical
unfiltered ground microphone recordings over one complete revolution. The second
column presents the predicted acoustics using the low-frequency loading noise model for
a uniform inflow distribution. The third column presents the predicted acoustics using the
low-frequency loading noise model for a Beddoes’ inflow distribution. And the fourth
column presents the predicted acoustics for the high-frequency loading noise model that
calculates the induced velocity from the prescribed wake using the Biot-Savart law.

The low frequency content is captured well by both low frequency loading models,
with a slightly better prediction of the pulse shape made by the Beddoes’ inflow model.
General trends in the impulsive BVI noise are also well captured with the high-frequency
loading model. The model tends to over-predict the intensity of the BVIs, but the increase

in BVI intensity as the descent angle approaches 5° is successfully captured by the model.
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Figure 4.7. One revolution samples for center microphone.
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4.2.2 Advancing-Side Microphone

The BVI sound pressure levels for the advancing-side microphone as a function of
the descent angle are presented in Figure 4.8. The markers indicate the measurements
made by the ground microphones and the lines indicate the predictions of the high-
frequency loading model. All data are for the advancing microphone located at an
azimuth of 140° and an elevation of -30° relative to the tip-path plane. As was seen for
the center microphone, the model tends to over-predict the levels, but captures the

general trends well.
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Figure 4.8. Advancing-side microphone sound pressure level trends.

Individual pulse shapes for the various loading models are provided in Figure 4.9.
Both of the low-frequency loading models capture the low-frequency content visible in
the ground microphones quite well, with slightly better agreement in pulse shape coming

from the Beddoes’ inflow model. As the wake passes closer to the tip-path plane, the high
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frequency loading model captures the increase in BVI impulsive noise. In general, the
initial parallel interaction is captured well by the model while the subsequent two oblique
interactions tend to be over-predicted. These pulse shape discrepancies are again due to
the simplified modeling of the prescribed wake and do not impeded the model’s ability to

capture the general trend between BVI radiation levels and wake proximity.
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Figure 4.9. One revolution samples for advancing-side microphone.
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4.2.3 Retreating-Side Microphone

The BVI sound pressure levels for the retreating-side microphone as a function of
the descent angle are presented in Figure 4.10. The markers indicate the measurements
made by the ground microphones and the lines indicate the predictions of the model. All
data are for the advancing-side microphone located at an azimuth of 230° and an

elevation of -35° relative to the tip-path plane.
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Figure 4.10. Retreating-side microphone sound pressure level trends.

As with the previous cases, the microphone recordings capture an increase in
acoustic radiation as the descent angle. The model continues to over-predict the sound
pressure levels, but captures the relationship between the descent angle and the level of

acoustic radiation.

110



Individual time histories of the microphone recordings and the loading models are
presented in Figure 4.11 over one complete revolution. As with the previous data sets, the
low frequency content is captured well by both low frequency loading models, with a
slightly better prediction of the pulse shape made by the Beddoes’ inflow model. As was
observed at the other microphone positions, the model tends to over-predict the high-
frequency loading noise. The fuselage tends to scatter the high frequency waves radiating
towards the retreating side that pass through the fuselage [50]. This scattering is not

included in the mathematical model.
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Figure 4.11. One revolution samples for retreating-side microphone.
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4.3  Pull-up Maneuvers

The theoretical model will now be applied to the transient pull-up maneuvers. In
addition to comparing the acoustics, the dynamics model will also be compared with the
measurements made by the in-flight instrumentation. Each maneuver will be analyzed
individually, starting with the moderate pull-up, then the fast pull-up, and lastly the slow
pull-up. There are two reasons for studying the maneuvers in this order. First, that is the
chronological order that the maneuvers were flown during the flight test. Second, during
the slow pull-up maneuver, the in-flight data suggests that the aircraft was not in trimmed
flight at the time of execution. This sensitivity to the trim condition is not as visible with
the larger control inputs required to execute the moderate and fast pull-up maneuvers, but
does result in deviations between the predictions and the measurements for the slow pull-

up rate.
4.3.1 Moderate Pull-up Maneuver

The control input sequence for the pull-up maneuvers was optimized to match the
fuselage pitch rate measurements made by the in-flight instrumentation. Trimmed flight
is assumed 33 seconds into the data record. Thereafter, perturbations are made to the
longitudinal cyclic position to match the fuselage pitch rate. Lateral cyclic and collective
positions remain constant after obtaining the trim solution. The final results of this
optimization procedure are displayed in Figure 4.12 for the fuselage pitching rate during
the moderate pull-up maneuver. Based on this optimized control sequence, the pilot
appears to have initiated the moderate pure-cyclic pull-up around 36.5 seconds into the

data record.
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Figure 4.12. Moderate pull-up pitch rate time history.

Aircraft trajectory data are illustrated in Figure 4.13, Figure 4.14, and Figure 4.15
for the flight path angle time history, the advance radio time history, and flight trajectory
of the aircraft. All three measurements agree well with the model during the region
between the trim and the initiation of the pull-up. Following the pull-up perturbation, the
model matches well with the in-flight measurements for several seconds before the flight
path angle begins to diverge. This deviation is due to the pilot applying collective and tail

rotor controls to safely exit the pull-up maneuver.
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Figure 4.13. Moderate pull-up, flight path angle time history.
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Figure 4.14. Moderate pull up advance ratio time history.
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Figure 4.15. Moderate advance ratio trajectory.

The main rotor thrust time history is presented in Figure 4.16. The thrust is
inferred based on longitudinal and vertical components of the fuselage acceleration. As
with the flight trajectory response, the dynamics model matches well with the in-flight
measurements for several seconds after the initiation of the pull-up maneuver. After a few
seconds into the initial transient, the model begins to diverge from the in-flight
measurements; the result of the pilot applying additional controls to safely exit the pull-

up maneuver.
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Figure 4.16. Moderate pull-up thrust coefficient.

Lastly, the angle of attack of the tip-path plane is provided in Figure 4.17. The
trends of the tip-path plane angle of attack match well with the data during the level flight
and for several seconds beyond the transient. The nearly constant bias between the
measurements and the model are likely the result of a system misalignment on the aircraft.
Recall that the tip-path plane tracking is a combination of two measurements: an inertial
measurement system used to record the pitch of the fuselage, and a camera tracking
system that measures the flapping of the tip-path plane relative to the fuselage. During
calibration, the camera measurements are made relative to a fixed reference line on the
fuselage corresponding to a null pitch attitude. However, the inertial measurement system
establishes a null pitch attitude when the system is activated. Therefore the offset is likely
the result of the aircraft operating from a field at Gilroy, where the local ground plane

was not necessarily level.
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Figure 4.17. Moderate pull-up tip-path plane angle of attack.

Figure 4.18 presents the acoustic time history of the center microphone during the
moderate pull-up maneuver. Actual measurements made by the center microphone are
presented in the top plot while theoretical predictions using the high-frequency loading
model are presented in the middle plot. The bottom plot illustrates the time histories of
three metrics over the course of the maneuver. These metrics include the overall sound
pressure level (OASPL) over all frequencies, the sound pressure level contained within
the first 6 main rotor harmonics (1“—6th MR Harmonic), and the BVI sound pressure level
(BVISPL) contained between the 6™ and 40™ main rotor harmonics. The acoustic model
captures the general trend of the data fairly well, including the increase in BVI noise after
the initiation of the maneuver.

Also plotted in Figure 4.18 are the acoustic predictions from the low-frequency

loading model. Recall that this model does not incorporate BVI modeling and only
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captures the low-frequency loading noise during the maneuver. The drop off in BVISPL
for this model is due to the dynamic motion of the tip-path plane relative to the observer.
Initially, the observer lies in the plane of the rotor and where thickness noise is most
significant. Thickness noise, while largely made up of low frequency noise, does contain
some frequency content in the BVISPL band. As the helicopter tip-path plane attitudes
pitches up, the observer moves out of the plane of the rotor, and the acoustic levels from
thickness noise decrease resulting in a reduction of levels in the BVISPL band. As the
observer moves out of the plane of the rotor, additional low frequency loading noise is
introduced and results in an increase in the sound pressure levels between the 1% and 6
main rotor harmonic. Low frequency loading noise has a negligible contribution to the
BVISPL band.

Details of the acoustics over a full rotor revolution are provided in Figure 4.19
prior to initiating the pull-up (top row) and during the maneuver where BVI are present
(bottom row). In both instances, the low-frequency loading noise models do an excellent
job of predicting the low-frequency loading noise recorded by the center microphone.
The high-frequency loading model does a fair job of capturing the occurrence and
duration of the blade-vortex interaction noise event. As expected, little-to-no BVI noise is
generated during the level flight region. However, during the pull-up, as the wake
approaches the tip-path plane, the BVI noise increases in both the measured data and the
theoretical model.

Referring to the pulse shape of the BVI at the center microphone, the model
predicts the initial parallel interaction that appears as the first spike in the theoretical BVI.

This interaction is absent from the ground microphone data. However, the second and
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third spikes in the theoretical predictions, associated with the oblique interactions, are
captured in the physical measurements. As was the case for the steady descents, these
discrepancies are likely the result of the wake modeling assumptions used in the high
frequency loading model and the treatment of the specular reflection. While the details of
the BVI pulse shapes are not replicated perfectly, the duration and the overall trends of

increased acoustic radiation during the BVI event is simulated adequately by the model.
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Figure 4.18. Moderate pull-up center microphone acoustics.
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Figure 4.19. Moderate pull-up center microphone pulse shapes during level flight

(top row) and during maneuvering flight (bottom row).
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Acoustic measurements and predictions for the advancing side microphone are
provided in Figure 4.20. As in the center microphone plots, the top plot includes the raw
microphone recordings from the advancing side microphone; the center plot includes the
predictions made using the high-frequency loading model; and the bottom plot illustrates
the trends of the sound metrics. The theoretical model again captures the occurrence of
impulsive noise over the course of the maneuver; this time over-predicting the BVI level.
In the case of the low frequency loading noise model, the directivity characteristics of the
thickness noise again produce a drop off in the BVISPL as the observer moves out of the
plane of the rotor.

Referring to the acoustic details over a full revolution in Figure 4.21, the low
frequency loading models again capture the low-frequency noise quite well while the
high-frequency loading model captures the trends of the BVI event. As was evident on
the center microphone, some of the details of the BVI pulse shape differ due to the wake
modeling assumptions. The model tends to over-predict the levels of the parallel
interaction that makes up the first BVI spike. Oblique interactions, which are expected to
radiate primarily forward and to the retreating-side of the aircraft, are much less

pronounced.
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Figure 4.20. Moderate pull-up advancing side microphone acoustics.
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Figure 4.21. Moderate pull-up advancing side microphone details during level

flight (top row) and during maneuvering flight (bottom row).

125



Acoustic time histories for the retreating-side microphone are provided in Figure
4.22. Again, the model does a fairly good job of capturing the build-up of BVI noise after
the initiation of the pull-up maneuver. The ground microphones indicate a slightly faster
build-up of BVI noise, but the sustained levels over the course of the maneuver witnessed
in the data are also present in the model. In the case of the low frequency loading noise
model, the directivity characteristics of the thickness noise again produce a drop off in
the BVISPL as the observer moves out of the plane of the rotor.

Individual acoustic time histories over a full revolution are provided in Figure
4.23 for the retreating-side microphone. Low frequency noise levels are accurately
predicted by the low frequency loading noise models and the BVI noise is picked up
fairly well by the high frequency loading model. Due to the directivity patterns of the
interactions, the retreating side microphone only picks up the two oblique interactions on
the advancing side. While the pulse shapes are not represented perfectly, the overall

levels and duration of the BVI noise match well with the ground measurements.
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Figure 4.22. Moderate pull-up retreating microphone acoustics.
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4.3.2 Fast Pull-up Maneuver

A longitudinal cyclic perturbation sequence was optimized to match the fuselage
pitch rate recorded by the in-flight measurements for the fast pull-up maneuver. Results
of the optimized schedule for the fuselage pitch rate are provided in Figure 4.24. From
this schedule, it appears that the pull-up maneuver was initiated around 40.75 seconds
into the data record. Also note that the aircraft experienced a smaller pitching transient in

the corridor between the assumed trim condition at 38 seconds and the initiation of the

mancuver.

Fuselage Pitch Rate, q, deg's
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Figure 4.24. Fast pull-up fuselage pitch rate time history.

Response plots for the flight path angle, advance ratio, and aircraft trajectory are
provided in Figure 4.25, Figure 4.26, and Figure 4.27 respectively. Overall, the model
captures the response quite well for several seconds after initiating the pull-up transient.

While the pitching transient prior to the pull-up maneuver does cause as slight deviation
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between the model and the measurements, the effects are minimal. As was observed
during the moderate pull-up maneuver, three seconds after the initial transient, the model
begins to diverge from the measurements as the pilot applies additional controls to safely

exit the pull-up maneuver.
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Figure 4.25. Fast pull-up fuselage flight path time history.
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Figure 4.27. Fast pull-up flight trajectory.
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The thrust coefficient time history is provided in Figure 4.28. The thrust is
inferred based on the longitudinal and vertical accelerations of the body. As with the
trajectory response data, the predictions of the dynamics model match well with the in-

flight measurements for several seconds after the application of the longitudinal cyclic.
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Figure 4.28. Fast pull-up thrust time history.

The tip-path plane angle of attack response is provided in Figure 4.29 for the fast
pull-up maneuver. Again the model matches the trends of the data quite well. Note that
the misalignment of the inertial measurement system is evident as an offset between the

measurements and the predictions during the level flight region.
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Figure 4.29. Fast pull-up tip-path plane angle of attack time history.

The acoustic time history of the center microphone over the course of the
maneuver is illustrated in Figure 4.30. The top plot is the raw data from the center
microphone recording; the middle plot the prediction from the high-frequency loading
model; and the bottom plot the application of sound pressure level metrics.

The center microphone observed two peaks in BVI levels over the maneuver: the
first around 43.5 seconds into the maneuver when the wake is believed to pass from
below the tip-path plane to above the tip path plane, and the second around 44.75 seconds
into the maneuver when the wake is believed to pass from above the tip-path plane to
below the tip-path plane. The model also predicts two peaks in acoustic levels due to the
occurrence of BVI. The initial peak is predicted by the model to occur around 43 seconds
into the maneuver; the second passing is predicted to occur around 45 seconds into the

maneuver. These discrepancies are likely the result of the simple wake model not fully
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capturing all of the directivity characteristics. In the case of the low frequency loading
noise model, the directivity characteristics of the thickness noise again produce a drop off
in the BVISPL as the observer moves out of the plane of the rotor. However, the out-of-
plane low frequency loading noise matches well with the measured data.

Details of the acoustics over a full revolution for the center microphone are
provided in Figure 4.31. The top row features the acoustics during the level flight region
prior to the execution of the pull up; the bottom row features the acoustics during the
initial peak in BVI noise. In both regions, the low frequency loading models accurately
predict the levels of the low-frequency loading noise generated by the main rotor while
the high-frequency loading models capture the trends of the BVI noise. As was observed
with the moderate pull-up maneuver, the theoretical model over predicts the parallel
interaction indicated by the first BVI spike, but does a fair job of capturing the two
oblique interactions indicated by the second and third BVI spikes. These discrepancies in
the pulse shape details are again due to the simplified wake modeling. Overall, however,
the model adequately replicates the duration and general amplitude trends of the BVI

event.
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Figure 4.30. Fast pull-up center microphone acoustic trends.
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Figure 4.31. Fast pull-up center microphone acoustic details.
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Acoustic trends for the advancing-side are presented in Figure 4.32. The
advancing-side microphone captured a build-up of impulsive noise reaching a peak
around 44.4 seconds into the flight record whereas the model predicts two separate build-
ups: the first at 43.5 seconds, and the second at 45.25 seconds. This suggests that while
the model captures the occurrence of BVI, the directivity characteristics of the BVI are
not captured perfectly by wake model; again likely the result of the wake modeling
assumptions. In the case of the low frequency loading noise model, the directivity
characteristics of the thickness noise again produce a drop off in the BVISPL as the
observer moves out of the plane of the rotor.

Details of the individual BVI pulses are provided in Figure 4.33. Consistent with
previous observations, the low-frequency noise is captured well by the low-frequency
loading models. The high-frequency loading model continues to over-predict the intensity
of the parallel interaction, but the general pulse shape is similar to that recorded by the

microphones.
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Figure 4.32. Fast pull-up advancing side microphone acoustic trends.
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Figure 4.33. Fast pull-up advancing-side acoustic details.
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Acoustic trends for the retreating-side microphone are presented in Figure 4.34.
Similar to the recording from the center microphone, the retreating-side microphone
captures two peaks in impulsive noise: the first at 43.7 seconds into the maneuver, the
second at 45.3 seconds into the maneuver. Of the two build-ups, the microphone indicates
that the former is notably louder than the later. The model also picks up two peaks,
though the timings differ slightly as was observed with the center microphone.
Furthermore, the model also predicts that the second build-up to be more severe than the
initial build-up. However, while the specific details of the impulsive noise during the
maneuver differ between the model and the recordings, the duration of impulsive noise
during the maneuver is consistent between the model and the observed acoustics. Both
indicate increases in impulsive noise beginning at 42.3 seconds that are maintained until
46 seconds.

Details of the pulse shapes for the retreating-side microphone are provided in
Figure 4.35. Both low frequency loading models capture the low-frequency noise very
well and the trends in BVI noise are captured fairly well by the high-frequency loading
noise. Analysis of the theoretical BVI signature indicates an over-prediction of the
parallel interaction that leads to an initial spike that does not appear in the microphone
data. This interaction is followed by two oblique interactions that do appear in the
microphone data, though the intensity of the first oblique interaction is under-predicted

by the model.
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Figure 4.34. Fast pull-up retreating-side acoustic trends.
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Figure 4.35. Fast pull-up retreating side acoustic details.
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4.3.3 Slow Pull-up Maneuver

Controls optimized to fit the fuselage pitch rate recorded by the in-flight
instruments result in the response presented in Figure 4.36 for the slow pull-up maneuver.
Based on this optimization schedule, the pull-up maneuver is believed to have been
initiated at 46.5 seconds into the maneuver. As witnessed in the fast pull-up maneuver,
prior to applying the longitudinal cyclic, an unintended pitching transient occurred during
the level flight regime. While it was possible to fit a longitudinal cyclic schedule to fit
this transient, this perturbation was not fully described by a longitudinal cyclic input and

does result in deviation between the model and the in-flight data.
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Figure 4.36. Slow pull-up fuselage pitch rate time history.

Responses of the flight path angle, advance ratio, and trajectory during the slow
pull-up maneuver are provided in Figure 4.37, Figure 4.38, and Figure 4.39 respectively.

Note that the observed perturbation results in an initial deviation between the model and
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the in-flight measurements suggesting that the transient was not created by a purely
longitudinal cyclic input. Though the trends of the model follow those recorded by the in-
flight data, the controller perturbations are so small for the slow pull-up maneuver that

the model never completely recovers from the unintended transient during the level flight

region.
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Figure 4.37. Slow pull-up flight path time history.
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Similar observations regarding the unintended transient are captured in the thrust
time history (see Figure 4.40). The initial transient results in a temporary increase in main
rotor thrust followed by a drop right when the maneuver is initiated. Again, the model
eventually recovers, but since the controls required for the slow pull-up are so small, the
effects of the unintended transient stand out more than any observed in the moderate and

fast pull-up maneuvers.
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Figure 4.40. Slow pull-up thrust time history.

The transient also has an effect on the angle of attack of the tip-path plane (see
Figure 4.41). The unintended transient results in an initial downward pitch of the tip-path
plane that is maintained until the pull-up is initiated. Furthermore, the misalignment error

in the system is evident in the offset between the model and the data.
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Figure 4.41. Slow pull-up tip-path plane angle of attack time history.

Acoustic trends for the center microphone during the slow pull-up maneuver are
presented in Figure 4.42. The top plot illustrates the raw center microphone recordings;
the center plot illustrates the predictions of the high-frequency loading mode; and the
bottom plot illustrates the time histories of various acoustic metrics over the course of the
maneuver.

From the data, it appears that the unintended transient results in the wake
approaching the tip-path plane earlier than the model predicts. However, as the transient
dissipates and the model recovers, the predicted acoustics match well with the recordings.
The lack of a peak in the model suggests that the wake remains close to the tip-path plane,
but does not penetrate it. In the case of the low frequency loading noise model, the

directivity characteristics of the thickness noise again produce a drop off in the BVISPL
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as the observer moves out of the plane of the rotor. As the tip-path plane tilt is shallower
for the slow pull-up maneuver, this drop off occurs much later in the maneuver.

Details of the center microphone acoustics are provided in Figure 4.43 during the
level flight region and during the maneuver when impulsive BVI noise is present. The
low frequency loading models do a good job of capturing the low frequency noise in both
regions while the high-frequency loading model captures the general trends of the BVI
noise. As witnessed in the moderate and fast pull-up maneuvers, the initial peak in the
predicted BVI pulse is an over prediction of the parallel interaction which is not found in
the center microphone data. Better agreement is observed for the two oblique interactions,
but the model does tend to over-predict the intensity of the negative spike of the first

oblique BVTI interaction.
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Figure 4.42. Slow pull-up center microphone acoustic trends.
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Figure 4.43. Slow pull-up center microphone acoustic details.
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Acoustic trends for the advancing-side microphone are provided in Figure 4.44
for the slow pull-up maneuver. While an increase in BVI noise is predicted by the model,
neither the microphone nor the model indicate significant BVI in the time history. This is
due to the directivity characteristics of the parallel interaction which dominates BVI on
the advancing side. During the slow pull-up maneuver, the advancing-side microphone
was not in a location conducive for perceiving BVI noise.

Details of the advancing side time histories are presented in Figure 4.45. The low
frequency noise is captured well by the model, but the BVI noise is insignificant at the

location of the advancing-side microphone during the slow pull-up maneuver.
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Figure 4.44. Slow pull-up advancing-side microphone acoustic trends.
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Figure 4.45. Slow pull-up advancing-side acoustic details.
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Acoustics trends from the retreating-side microphone are provided in Figure 4.46.
A brief peak in impulsive noise is captured by the microphones at 51 seconds into the
maneuver, again likely due to the unintended transient that temporarily pushed the wake
closer to the tip-path plane. However, the model does capture the gradual build-up of BVI
noise as the wake approaches and settles below the tip-path plane of the main rotor.

Details of the individual pulses are provided in Figure 4.47. As observed earlier,
the low frequency noise is captured well. Similarly, the characteristics of the retreating-
side BVI pulses resemble those from the moderate pull-up maneuver. Both oblique
interactions are captured fairly well, though the initial negative peak appears to be over-

predicted by the model.
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Figure 4.46. Slow pull-up retreating-side acoustic trends.
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4.4 Reduced Order Models

The final section of this chapter investigates the impact of using reduced order
and quasi-steady models. These reduced order models include simplifications made to the
blade flapping model and to the prescribed wake geometry model. In the case of the blade
flapping relaxations, these simplifications are made to investigate the impact of the
flapping model on the dynamic response of the system and on the acoustics. In the case
of the prescribed wake model, the wake will be replaced by a quasi-steady wake. These
studies will be used to evaluate the validity of applying quasi-steady modeling techniques
to maneuvering flight. For evaluation, the models will be applied to the fast pull-up

maneuver where the effects should be the most pronounced.
4.4.1 Flapping Models

Recall that in the derivation of the flapping equation, a set of two second order
differential equations was produced (see Chapter 3). This system, which will be referred

to as the second order flapping model, can be represented in vector form as:
.. . a,
d, a, —
“lplilikle L=F 4.1)
bl bl
bl
In the first approximation to the flapping equation, suppose that the system can be

approximated as a set of two first order differential equations. In this case, the blade
inertial load due to the flapping acceleration terms, ¢, and 15,, is neglected. This system,

which will be referred to as the first order flapping model, can be represented in vector

form as:
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. a
a, -1 ’ _n-l 7
4D 'K{g t=D"f (4.2)
b1
bl

In the second approximation to the flapping equation, the flapping coefficients
will be found using a quasi-steady approximation. In this case, it is assumed that the
aircraft is in steady flight and the centrifugal and aerodynamic flapping moments are

instantaneously balanced. In this simplification, the flapping acceleration and velocity
terms, d, , 51, a, and Bl, are omitted. This system, which will be referred to as the quasi-

steady flapping model, can be represented in vector form as:

4.3)

The fuselage pitch rate time histories for the three flapping models are presented
in Figure 4.48 for the fast pull-up maneuver. All three cases feature the same longitudinal
cyclic input schedule that was optimized to match the fuselage pitch rate using the P
order flapping model. The fuselage pitch response featuring the 1* and 2" order flapping
models are nearly identical. The pitch response for the quasi-steady model precedes the

other models by approximately one rotor revolution, or 0.15 seconds.
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Figure 4.48. Fast pull-up fuselage pitch rate for various flapping models.

The flight path angle, advance ratio, and flight trajectories for the three flapping
models are provided in Figure 4.49, Figure 4.50, and Figure 4.51 respectively. All three
flapping models yield similar responses during the level flight and for several seconds
after the initiation of the maneuver. The quasi-steady system again precedes the other

models, but the differences are marginal.

159



41

5 002
30 :
o i
_] i
£ :
L - '
&b '
ot :
-1 i
= i
& 10} !
% Order System
leea00Co00000 0k qae®® |- 1*t Order System
— - — -Quasi-steady System
o Flight Data
-10 . . Ly . . . . !
33 39 40 41 42 43 44 45 46

mource Time since Statt of Record, s

Figure 4.49. Fast pull-up flight path angle for various flapping models.
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Figure 4.50. Fast pull-up advance ratio for various flapping models.
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Figure 4.51. Fast pull-up flight trajectory of various flapping models.

The time history of the thrust coefficient during the fast pull-up is provided in
Figure 4.52. As observed with the fuselage pitch response, the 1* and 2" order systems
behave nearly identically while the quasi-steady model precedes the others by

approximately one rotor revolution (0.15 seconds).
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Figure 4.52. Fast pull-up thrust coefficient for various flapping models.

The angle of attack of the tip-path plane is presented in Figure 4.53 for the fast
pull-up maneuver. Again, the 1* and 2" order flapping models produce similar results

while the quasi-steady flapping model precedes the others by one main rotor revolution.
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Figure 4.53. Fast pull-up tip-path plane angle of attack for various flapping

models.

The time histories of several acoustic metrics are presented in Figure 4.54 for the
flapping models during the fast pull-up maneuver. The overall acoustic trends between all
three flapping models are extremely similar. The acoustic levels of the 1* order model are
slightly ahead of the 2" order model while the quasi-steady model continues to precede
the others by one main rotor revolution. This suggests that there are slight wake
geometric differences between the wakes of the flapping models. Evidence of this is
illustrated in Figure 4.55 which displays the wake geometry of each of the models at
different stages throughout the pull-up maneuver. While all three wakes are very similar,
the 1* and quasi-steady models respond slightly faster than the 2" order model. However,
these differences are small and indicate that the reduced order flapping models do not

significantly affect the acoustics radiated by the aircraft.
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Figure 4.54. Fast pull-up acoustic trends for various flapping models.
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Figure 4.55. Fast pull-up wake geometry of various flapping models.

4.4.2 Wake Models

As mentioned in Chapter 3, two methods are used to obtain the geometry of the
wake. In the first method, the position vectors to the wake filament nodes are found by
integrating the relative velocity of each node with respect to the tip-path plane. This
approach, which will be referred to as the time integrated wake model, captures the
effects of the motion of the tip-plane as the aircraft maneuvers during flight. As the
arbitrary motion of the tip-path plane produces unique wake geometry at each moment in
time, the wake geometry and corresponding induced velocity at the blade control points
must be updated at each time step.

In the second method, the position vectors to the wake filament nodes are found
assuming a quasi-steady wake. This approach represents the instantaneous flight

conditions using a technique similar to the Quasi-Static Acoustic Mapping (Q-SAM)
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method to predict the noise shapes and levels radiated by the aircraft. This method is
preferable for real time systems since the noise levels and directivity characteristics can
be stored in a database in advance and referenced from look-up tables during flight for a
given advance ratio, flight path angle, and main rotor thrust.

The acoustic trends from both wake modeling methods is provided in Figure 4.56
for the fast pull-up maneuver. As expected, the quasi-steady model responds slightly
faster than the time integrated model, but only by approximately one main rotor
revolution. This is further supported by the wake geometry plots shown during the pull-
up in Figure 4.57. Initially, during the level flight region, the two models produce
identical wake geometries. As the pull-up is initiated, the two models begin to separate,
but most of the divergence is for wake nodes well outside of the main rotor boundary.
Nodes in the vicinity of the main rotor, where the BVI noise is generated, are closer to
the point of rotation and experience smaller deflections as the tip-path plane rotates.
Therefore, quasi-steady approximations for the wake geometry should produce fair

estimations of the acoustics during maneuvering flight.
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Figure 4.56. Fast pull-up acoustic trends for wake models.
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Figure 4.57. Fast pull-up wake geometry for wake models.

4.5 Summary

Overall, the first principles model captures the general trends of steady flight
quite well. The low-frequency noise model accurately captures the amplitude of the low-
frequency noise recorded by the microphones. Slightly better agreement is obtained using
the Beddoes’ inflow model, but uniform inflow produces adequate results as well. The
high-frequency noise model tends to over predict the BVI intensity, but it does capture
the basic pulse shape. Furthermore, the relationship between the descent angle and the
intensity of the acoustic radiation of the aircraft is captured by the high-frequency loading
model.

The first principles model does a fair job of capturing the acoustics radiated
during the pure longitudinal cyclic pull-up maneuvers. During the moderate and fast pull-

up maneuvers, the dynamics model replicated the response of the aircraft extremely well
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when compared to the data recorded by the flight instruments. Slightly inferior results
were obtained for the slow pull-up maneuver due to an unexpected transient experienced
just prior to executing the maneuver. Since the control perturbations for the slow pull-up
maneuver were quite low, the slow pull-up maneuver exhibited a high dependency on the
trimmed state of the aircraft.

Overall, the acoustic model did a good job of replicating the pulse shape and
amplitude of the low frequency noise generated by the main rotor during steady state and
maneuvering flight. The simple wake model was also adequate for predicting the
occurrence and general trends of impulsive BVI noise. The predicted levels and duration
of BVI events matched reasonably well with the microphone recordings.

Some of the details of the predicted BVI pulse shapes differ from the acoustic
recordings, but this is largely due to the wake modeling assumptions. Refinements to the
wake model could be made by including more trailed vortex filaments and adjusting
parameters to account for effects like wake contraction and vortex core growth over time.
These refinements could produce more accurate pulse shapes, but little to no validation
data is available for making these corrections.

Lastly, an investigation found that reasonable results can be obtained by using
quasi-steady flapping and quasi-steady wake geometry models. Incorporation of quasi-
steady approximations yielded acoustic responses similar to higher order models, but at
significantly reduced computational cost. Typically the quasi-steady models responded
approximately one rotor revolution faster, but did not dramatically differ from the higher

order models. This limited impact is likely the reason for the success of studies that have
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attempted to predict the acoustics of maneuvering flight by breaking the maneuver into a

series of steady-state clips.
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Chapter 5  Application of Model

5.1 Overview

In Chapter 3, a first principles model was developed for predicting the acoustics
radiated by a two-bladed teetering rotor during longitudinal maneuvering flight. In
Chapter 4, this model was successfully compared to data recorded during a flight test.
Results of this analysis verified that during the pure cyclic pull-up maneuvers, BVI noise
was the dominant source of the near-horizon harmonic noise radiated by the main rotor.

In this chapter, the model will be further applied to longitudinal flight. The model
will first be used to study the importance of thickness and low frequency loading noise in
the absence of BVI noise. Each noise source will be broken down to identify directivity
characteristics and important relationships between the acoustic terms and the final wave
form.

Next, the model will be used to study alternative longitudinal maneuvers. This
will include evaluating other methods of initiating climbs and descents with an emphasis
on reducing the levels of BVI noise generated during the maneuver and minimizing the

far field acoustic radiation.
5.2 Investigation of Acoustic Sources

In the case of the Bell 206B-3 executing a pure cyclic pull-up maneuver, BVI
noise was the largest contribution to noise radiated towards the horizon. While the Bell
206B-3 has a low disk loading and the wake remains in close proximity to the tip-path
plane during flight, aircraft with larger disk loadings would produce wakes further below

the tip-path plane and require larger pitch rates to generate substantial BVI noise.
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Evidence of this was observed during a 2011 flight test with a Bell 430 where the aircraft
had to descend at steep angles to produce notable BVI noise. For such aircraft, other
acoustic sources generated by the main rotor could have larger contributions to the
detectability of the aircraft during maneuvering flight due to the tip-path plane attitude
relative to the observer. Even in the case of the Bell 206B-3, it is possible to fly
maneuvers with minimal BVI where directivity characteristics from other sources
including thickness noise and low frequency loading noise may have significant
contributions to detection.

5.2.1 Overall Acoustic Trends

Consider Figure 5.1 which displays the predicted overall sound pressure level of
thickness noise and low frequency loading noise at various observer elevation angles
relative to the tip-path plane and at various advance ratios in the absence of BVI noise. In
this figure, the observer is directly ahead of the helicopter at the 180° blade azimuth
station. The low frequency loading noise is calculated using two inflow distributions: the
uniform inflow model and the Beddoes’ inflow model. At elevation angles from
approximately 30° above the tip-path plane to 15° below the tip-path plane, the thickness
noise is louder than the loading noise. As the advance ratio increases, the acoustic levels
from thickness noise also increase. Out of the plane of the main rotor, the low frequency
loading noise is exposed to the observer and the loading noise becomes louder than
thickness noise. In this region, for a given airspeed, the loading noise produced by the
Beddoes’ inflow distribution is generally louder than the corresponding loading noise

from the uniform inflow distribution.
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Figure 5.1. Thickness and low frequency loading noise overall sound pressure
level (OASPL) at various elevation angles relative to the main rotor tip-path plane.

-90° is directly below the main rotor tip-path plane.

173



Detailed pulse shapes of each of the noise sources are provided in Figure 5.2 over
one full revolution at various observer elevations. Figure 5.2 illustrates that as the
airspeed of the aircraft increases, the thickness noise becomes louder and more impulsive.
Loading noise is essentially described by a saw tooth wave and the airspeed affects the
sharpness of the wave. Furthermore, while the pulse shapes of the two inflow
distributions are essentially the same, subtle differences are evident. The saw tooth is
generally sharper for the Beddoes’ inflow distributions and generates higher sound
pressure levels. However, as the observer moves outside of the plane of the rotor, the
relationship between the airspeed and the sharpness of the waves diverges. The model
predicts sharper waves at higher airspeeds for the uniform inflow model and flatter waves
at higher airspeeds for the Beddoes’ inflow model. This suggests that the details of the
loading distribution at certain azimuth locations may have a significant effect on the low

frequency loading noise radiated towards the far field observer.
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175



Additional sound pressure metrics are provided at different observer elevation
angles relative to the tip-path plane in Figure 5.3 and Figure 5.4. Figure 5.3 displays the
sound pressure level between the 1* and 6™ main rotor harmonics; Figure 5.4 displays the
sound pressure level within the BVISPL band (between the 6™ and 40™ main rotor
harmonic). The majority of the acoustic energy for the low frequency loading noise is
captured by the first six main rotor harmonics. The impulsive nature of thickness noise
does tend to produce some energy in the BVISPL band — especially as the airspeed
increases — but the energy is mostly contained within the first six main rotor harmonics.

Figure 5.4 also indicates that, in the absence of BVI noise, when considering
frequency content above the 6" main rotor harmonic, thickness noise is louder than
loading noise over a much wider region than what was identified in Figure 5.1. If the
BVISPL band is used as a metric for detection, thickness noise is louder than loading
noise from around 40° below the tip-path plane to 40° above the tip-path plane. For low
frequency noise between the 1% and 6™ main rotor harmonics, the trends between
thickness noise and low frequency loading noise are essentially identical to the OASPL

trends.
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Further insight to the spectral content of the thickness noise pulse is provided in

Figure 5.5. The top plot in this figure displays the root-mean-squared pressure as a

function of frequency. The bottom plot displays the cumulative sound pressure level as

the frequency range increases. Note that the accumulated sound pressure level of the first

six harmonics is 69.8 dB whereas the overall sound pressure level over all frequencies is

70.2 dB.
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Figure 5.5. Spectral content of thickness noise. Observer in the tip-path plane for

a Bell 206B-3 traveling at 60 knots.

Similar spectral plots are provided for the uniform inflow distribution in Figure

5.6 and for the Beddoes’ inflow distribution in Figure 5.7. These plots show that the low

frequency loading noise is even more dominated by the lower harmonics. In both cases,

essentially all of the acoustic energy is captured within the first six main rotor harmonics.

179



Low Freq. Loading Moise Spectral Content

(Mniform Inflow Wodel)
DDE T T T T T T T T T

Acoustic Pressure, Pa gy

BD T T T T T T T T T
60 - 6.4 db 7

wl (OASPL = 63 4 dB) |

20 - -

Curnulative SPL, dB

0 1 1 1 1 1 I I 1 1
1} 2 4 33 3 10 12 14 18 13 20

Ilait Fotor Hartnonic

Figure 5.6. Spectral content of low frequency loading noise with a uniform inflow
model. Observer is 30° below the tip-path plane for a Bell 206B-3 traveling at 60

knots.
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Figure 5.7. Spectral content of low frequency loading noise with a Beddoes'
inflow model. Observer is 30° below the tip-path plane for a Bell 206B-3

traveling at 60 knots.

It is important to note that the low frequency loading noise for this aircraft is
largely contained by the 1% and 2" main rotor harmonic terms. In the case of the Bell 206,
the 2" main rotor harmonic occurs at 26.04 Hz. Since the threshold of human hearing is
20 Hz [51], aural detection of low frequency loading noise may not be a significant issue
for this aircraft. This may not be the case for rotorcraft with main rotor systems
containing additional blades or main rotor systems that operate at higher angular
velocities.

5.2.2 Thickness Noise Trends

Recall that in Farassat’s Formulation 1A solution to the Ffowcs Williams-

Hawkings equation, the expression for far field thickness noise is a combination of two
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acoustic terms. The first acoustic term is a function of the time rate of change of the
velocity normal to the surface. This term tends to account for the unsteadiness in the
monopole. The second acoustic term is related to the time rate of change of the source
Mach number. This term effectively serves as a fading parameter applied to the monopole
and is largely related to the geometry between the source and the observer. Additional
details on the individual terms can be found in Appendix G. These two far field

expressions are repeated below for convenience.

av,
Po ai
Thickness Noise Term 1=— [ ——2% _4s (5.1)
4z | r(1-M,)
S
[ A aM ]
pOVn re
. . 1 d7
Thickness Noise Term2=—| ————2dS (5.2)

AT | (M)

N
The contribution of both terms to the total thickness noise is presented at various
elevation angles relative to the tip-path plane in Figure 5.8 for the Bell 206B-3 traveling
at 60 knots. The observer is located directly ahead of the tip-path plane at the 180°
azimuth station. It is evident that the fading term, equation (5.2), is the major contributor
to the overall thickness noise. The term that accounts for the unsteadiness, equation (5.1),

has a significantly smaller contribution.
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Figure 5.8. Contribution of terms in thickness noise equation at various observer

angles relative to the tip-path plane. The data shown is for a Bell 206B-3 traveling

at 60 knots.
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5.2.3 Low Frequency Loading Noise Trends

Farassat’s Formulation 1A solution to the Ffowcs Williams-Hawkings equation
also contains two acoustic pressure terms for obtaining the far field loading noise. The
first acoustic term is a function of the time rate of change of the pressure over the blade
surface. This term is similar to the first term in the thickness noise expression and
accounts for unsteadiness in the dipole. The second acoustic term is a function of the time
rate of change of the source Mach number. This term behaves similar to the second term
in the thickness noise expression and serves as a fading parameter to the dipole.
Additional details on the individual terms can be found in Appendix G. These two far

field expressions are repeated below for convenience.

Loading Noise Term 1 = ! J7 —dS (5.3)
4re | r(1-M,)

p cos 0[?- oM J
ot
ds (5.4)

Loading Noise Term 2 = 3
dmc | r(1-m,)

The contributions of both pressure terms to the total low frequency loading noise
in the absence of BVI nose is presented at various elevation angles relative to the tip-path
plane in Figure 5.9 for the Bell 206B-3 traveling at 60 knots. As before, the observer is
directly ahead of the rotor at the 180° azimuth station. Low frequency loading noise
calculations are presented for both a uniform inflow distribution (solid red line) and the
Beddoes’ inflow distribution (broken green line). The overall amplitude and general
shape of the low frequency loading noise is described by the fading term, equation (5.4).

Both inflow distributions yield similar time histories for this term.
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However, the phasing and the sharpness of the loading noise is a function of the
unsteady term, equation (5.3). Under the Beddoes’ inflow distribution, the time rate of
change of the pressure distribution leads those predicted by the uniform inflow
distribution. Furthermore, above the tip-path plane, the uniform model predicts a larger
positive peak in the time rate of change of the surface pressure while below the tip-path
plane, the uniform model predicts a larger negative peak. When combined with the
second loading noise expression, the total low frequency loading noise from the uniform
inflow model leads the prediction of the total low frequency loading noise produced
under the Beddoes’ inflow model. The difference in phasing becomes more pronounced

as the observer moves away from the plane of the rotor.
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The results of the loading noise analysis indicate a significant sensitivity to the
selection of a loading distribution model. Despite having similar overall pulse shapes, the
Beddoes’ and uniform inflow distributions produce loading noise curves with significant
and consistent phasing differences. Though these discrepancies are more pronounced at
observer stations out of the plane of the rotor where thrust is the largest aerodynamic
source in the loading noise expression, in-plane effects are also observed due to the tilt of
the local lift vector causing induced drag. These phasing discrepancies may also have
significant implications on how the loading noise combines with the thickness noise.
Under the right circumstances, one inflow distribution could produce little in-plane
acoustics while the other produces a lot. These effects, while not observed on the Bell
206B-3 due to the dominance of BVI noise during maneuvering flight, may have
important implications in predicting the acoustics of heavier aircraft with larger disk
loadings.

5.3 Longitudinal Maneuvers

During the Gilroy flight test, the execution of pure cyclic pull-up maneuvers
produced large levels of BVI noise that radiated towards the horizon as the main rotor
passed through the trailed wake. When flying nap-of-the-earth maneuvers, climbs and
descents may be unavoidable, yet the pilot may still desire to operate the aircraft in a
manner that avoids detection or ground annoyance.

For longitudinal maneuvering flight, the pilot has the option of applying two
controls: the longitudinal cyclic and the collective. Movement to the longitudinal cyclic
alters the tilt of the tip-path plane and redirects the thrust vector. Pushing forward on the

cyclic reduces the longitudinal tilt of the tip-path plane and induces a nose-down pitching
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motion as the thrust vector tilts forward; pulling back on the cyclic increases the
longitudinal tilt of the tip-path plane and induces a nose-up pitching motion as the thrust
vector tilts aft. If the collective control and main rotor RPM are assumed fixed, the total
energy of the system will remain constant for cyclic maneuvers. Therefore the cyclic
inputs will result in an exchange between kinetic and potential energies. During cyclic
climbs, increases in altitude will correspond to a reduction in airspeed. Similarly, during
cyclic descents, the decrease in altitude will correspond to an increase in airspeed.
Movement of the collective level alters the amount of thrust produced by the main
rotor. Increasing the collective increases the mean blade angle of attack and produces
more thrust; decreasing the collective decreases the mean blade angle of attack and
produces less thrust. A speed governor on the engine manages the power so that the
angular velocity of the main rotor remains steady. Since the governor regulates the
amount of power available in the system, climbs and descents due to collective inputs are
the result of the pilot increasing or decreasing the total energy available to the main rotor.
Longitudinal maneuvers due to cyclic and collective inputs are discussed in this

section.
5.3.1 Review of Assumptions

The analysis of the following maneuvers uses the same dynamics and
aerodynamics models derived in Chapter 3. The dynamic model for fuselage and main
rotor flapping was derived for a two-bladed teetering rotor system for purely longitudinal
flight. The blades are rigid and follow first harmonic flapping motion. The main rotor
RPM is also assumed to remain constant during the maneuver. The dynamics model also

assumes uniform and non-dynamic inflow, quasi-steady aerodynamic strip theory, and
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neglects reverse flow and compressibility effects. Furthermore, fuselage drag and the
pitching moments from the fuselage, empennage, and horizontal stabilizer are assumed
constant and independent of the fuselage angle of attack. Airframe drag is assumed to act
through the center of gravity.

Using the aircraft and tip-path plane flapping response from the dynamics model,
loads on the blades are updated using a refined aerodynamics model. These refinements
include the incorporation of the indicial method to account for unsteady aerodynamics
and the inclusion of a prescribed trailed wake for calculating high frequency aerodynamic
loads. Aerodynamic loads acting on the blade are found by integrating the Biot-Savart
law along the wake to obtain the induced velocity acting on the blade. These high
frequency aerodynamic load calculations are used in the following acoustic computations.
It is assumed that the high frequency loading does not affect aircraft motion or blade
flapping and are therefore not coupled with the dynamics model.

In the analysis of alternative maneuvers that follows, it is assumed that the sum of
the pitching moments from the fuselage, the empennage, and the horizontal stabilizer
remains constant during the maneuver and that the center of gravity lies forward of the
main rotor mast. Two aircraft body net pitching moment values will be investigated that
combine the moments from the fuselage, the empennage, and the horizontal stabilizer.
The first will feature a nose-up net pitching moment of 4425 N-m; the second will have a
zero net pitching moment. Both cases are illustrated in Figure 5.10. In the case of the
body with a nose-up net pitching moment, the thrust vector causes a nose-down moment
about the center of gravity to counter the aerodynamic moments during trimmed flight. In

the case of the body with a zero net pitching moment, the aircraft must pitch forward to
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orient the rotor load through the center of gravity to satisfy the static moment during

trimmed flight. Note that that the tip-path plane and net rotor load vectors are, to the first

order, independent of the fuselage pitching moment.

Net Rotor Load |!

;3 !B Drag
VC‘D :

\ Nose-up Net Pitching Moment
Weight

ks

NetRotor Load

Figure 5.10. Rotor load alignment relative to center of gravity during trimmed
flight. The top diagram is features a nose-up pitching moment from the sum of the
fuselage, empennage, and stabilizer pitching moments. The bottom case is for an
aircraft with a zero net pitching moment. All attitude and alignment angles are

shown to scale for trimmed level flight at 75 knots.
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Though the selection of the pitching moment will have an effect on the response
of the aircraft motion, the purpose of this study is to investigate the implications of
maneuvering flight to the geometry of the wake structure and the orientation of the tip-
path plane.

5.3.2 Longitudinal Cyclic Climbs

To execute the longitudinal cyclic climb, a ramp input of -2°/s is applied to the
longitudinal cyclic while the collective control and lateral cyclic are held at the trim
position. The ramp sequence is applied to an aircraft in trimmed level flight traveling at
75 knots. The climb is initiated at an altitude of 45 m when the aircraft is 475 m away
from the center microphone. Only the first few seconds of the initial transient are
modeled. The time history of the control input sequence relative to the trim position is

plotted in Figure 5.11.
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Figure 5.11. Control input time history for longitudinal cyclic climb.

The fuselage pitch response is shown in Figure 5.12. Over the course of the

maneuver, the pitch rates gradually increase as the ramp input is applied. The model
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indicates that the body with the zero net pitching moment has a higher angular pitching

acceleration that the body with the nose-up net pitching moment.
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Figure 5.12. Pitch rate response to the longitudinal cyclic climb.

The angle of attack of the tip-path plane during the course of the maneuver is
presented in Figure 5.13. The tip-path plane, which is initially at a slightly negative angle
of attack during forward flight, tilts back as the longitudinal cyclic is applied. During the
climb, the tip-path plane angle of attack increases faster for the body with a zero net

pitching moment.
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Figure 5.13. Tip-path plane angle of attack response to the longitudinal cyclic

climb.

A diagram showing the orientation of the thrust vector over the course of the
maneuver is illustrated in Figure 5.14. For reference, the action line from the hub to the
center of gravity is displayed in each image to indicate the action of the thrust vector.
Note that in the case of the body with the nose-up net pitching moment, the thrust vector
is initially tilted forward whereas in the case of the body with the zero net pitching
moment, the thrust vector is aligned with the center of gravity. Both cyclic pull-up
maneuvers result in the thrust vector tilting back with the tip-path plane, though the range

of the tilt is larger for the fuselage body with the nose-up net pitching moment.
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Figure 5.14. Thrust vector orientation relative to the center of gravity during

longitudinal cyclic climbs. All attitudes and geometries are shown to scale.

The airspeed of the helicopter during the climbing maneuver is presented in
Figure 5.15. Both aircraft experience a deceleration during the execution of the climb.
This is the result of the exchange of potential and kinetic energy of the aircraft as well as
the deceleration caused by the thrust vector being tilted aft. As with the previous response
plots, the body with a zero net pitching moment responds faster than the body with a

nose-up net pitching moment.
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Figure 5.15. Free stream velocity response to the longitudinal cyclic climb.

Aircraft attitude and wake geometries over the course of the maneuver are
illustrated in Figure 5.16. The control is applied at revolution #0, and the geometries and
attitudes are illustrated every five main rotor revolutions. The black arrows at the nose of
the aircraft indicate the angle of the free stream velocity vector. The set of attitude and
wake illustrations on the top correspond to the aircraft body with a nose-up net pitching
moment. The set of attitude and wake illustrations on the bottom correspond to the
aircraft body with a zero net pitching moment. Note that Figure 5.16 is drawn to scale.

As was observed during the pull-up maneuvers executed during the Gilroy flight
test, application of a longitudinal cyclic climb results in the tip-path plane initially tilting
back into the trailed wake. Both aircraft exhibit similar results to the application of the
longitudinal cyclic, though the passing of the tip-path plane through the trailed wake
occurs earlier for the body with a zero net pitching moment. Because the wake passes

through the tip-path plane, this maneuver is expected to produce impulsive BVI noise.
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Figure 5.16. Aircraft attitude and wake geometry for the longitudinal cyclic climb.

All attitudes and geometries are shown to scale.

The flight trajectory corresponding to the cyclic pitch perturbation is presented in
Figure 5.17. As with the other attitude measurements, the aircraft body featuring a zero

net pitching moment climbs faster than the body with the nose-up net pitching moment.
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Figure 5.17. Flight trajectory for longitudinal cyclic climb.

The acoustic response to the longitudinal cyclic climb is presented in Figure 5.18.
The top plot displays the acoustic time history for the fuselage body with a nose-up net
pitching moment; the middle plot displays the acoustic time history for the fuselage body
with a zero net pitching moment; and the bottom plot displays the time histories of sound
pressure level metrics including the OASPL, the sound pressure level between the 1% and
6™ main rotor harmonics, and the BVISPL. These time histories further illustrate that as
the wake passes through the tip-path plane, impulsive BVI noise leads to severe increases
in the levels of acoustic radiation produced by the main rotor. In the case of the body with
zero net pitching moment, as the wake passes above the tip-path plane, the impulsive
noise levels begin to reduce. In both cases the orientation of the tip-path plane during the
climb also exposes the far field observer to the underside of the rotor and the low
frequency loading noise. This is indicated by the rise in sound pressure levels between

the 1*' and 6™ main rotor harmonics.
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Figure 5.18. Acoustic response to the longitudinal cyclic climb.
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5.3.3 Collective Climbs

To execute the collective climb, a ramp input of +2°/s is applied to the collective
lever while the longitudinal cyclic control is held at the trim position. It is implicitly
assumed that the power is added or subtracted by the engine governor to maintain a
constant RPM. As before, the ramp sequence is applied to an aircraft in trimmed level
flight traveling at 75 knots. The climb is initiated at an altitude of 45 m when the aircraft
is 475 m away from the center microphone. The time history of the control input

sequence relative to the trim position is plotted in Figure 5.19.
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Figure 5.19. Control input time history for collective climb.

The pitch rate response to the collective climb is presented in Figure 5.20. These
responses indicate slightly different behaviors between the two aircraft bodies. The
aircraft body featuring the zero net pitching moment responds similar to the longitudinal
cyclic climb. However, the aircraft body with a nose-up net pitching moment initially tilts
forward. This is due to the angle of the thrust vector relative to the center of gravity. As

was shown previously in Figure 5.10, in the case with a nose-up net pitching moment, the
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thrust vector is aligned relative to the center of gravity such that it produces a nose-down
pitching moment. By increasing the collective and increasing the thrust, the aircraft
initially pitches forward as demonstrated in the pitch response. Over time, the thrust

vector begins to tilt back and the nose-down pitching motion begins to slow down.
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Figure 5.20. Pitch rate response to the collective climb.

The angle of attack of the tip-path plane during the course of the maneuver is
presented in Figure 5.21. The forward tilt of the tip-path plane results in large negative
magnitudes of the tip-path plane angle of attack for the aircraft body with the nose-up net
pitching moment. For the case of the aircraft body with the zero net pitching moment, the
rate of climb tilts the free stream velocity vector faster than the tip-path plane can rotate

thereby producing increasingly negative tip-path plane angles of attack.
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Figure 5.21. Tip-path plane angle of attack response to the collective climb.

A diagram showing the orientation of the thrust vector over the course of the
maneuver is illustrated in Figure 5.22. For reference, the action line from the hub to the
center of gravity is displayed in each image to indicate the action of the thrust vector.
Note that in the case of the body with the nose-up net pitching moment, the thrust vector
is initially tilted forward of the center of gravity and applying increased collective causes
the tip-path plane to tilt forward. Over the course of the maneuver, the thrust vector
slowly begins to tilt aft. In the case of the body with the zero net pitching moment, the
thrust vector is aligned with the center of gravity, but as the tip-path plane tilts back, the
thrust vector slowly tilts aft during the maneuver. Overall, the alignment of the thrust
vector relative to the center of gravity remains fairly constant during the collective

maneuver.
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Figure 5.22. Thrust vector orientation relative to the center of gravity during

collective climbs. All attitudes and geometries are shown to scale.

The airspeed of the helicopter during the climbing maneuver is presented in
Figure 5.23. The forward tilt of the tip-path plane for the aircraft body with a nose-up net
pitching moment results in an acceleration as additional thrust is applied. Comparatively,
the airspeed for the aircraft body with a zero net pitching moment remains fairly steady
over the course of the maneuver. Towards the later stages of the maneuver, as the tip-path
plane begins to tilt aft, the aircraft gradually begins to slow down, but at a rate far lower

than those noticed during the longitudinal cyclic climbs.
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Figure 5.23. Airspeed response to the collective climb.

Aircraft attitude and wake geometries over the course of the maneuver are
illustrated in Figure 5.24. The control is applied at revolution #0 and geometries and
attitudes are illustrated every five main rotor revolutions. The black arrows at the nose of
the aircraft indicate the angle of the free stream velocity vector. The set of attitude and
wake illustrations on the top correspond to the aircraft body with a nose-up net pitching
moment. The set of attitude and wake illustrations on the bottom correspond to the
aircraft body with a zero net pitching moment. Note that Figure 5.24 is drawn to scale.

In the case of the aircraft body with a nose-up net pitching moment, the initial
response to the collective input is for the nose of the aircraft and the tip-path plane to tilt
forward. The results in an increase in the miss distance between the tip-path plane and the
trailed wake. In the case of the aircraft body with a zero net pitching moment, the aircraft
and the tip-path plane tilt backwards. However, the combination of the increase in thrust
and the vertical climb leads to a larger inflow through the rotor and an increase in the
miss distance between the trailed wake and the tip-path plane. While the miss distance is

203



larger for the body with a nose-up net pitching moment, neither aircraft would be

expected to produce BVI when executing a collective climb.
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Figure 5.24. Aircraft attitude and wake geometry for the collective climb. All

attitudes and geometries are shown to scale.

The flight trajectory corresponding to the collective perturbation is presented in

Figure 5.25. Similar to the longitudinal cyclic model, the aircraft body featuring a zero
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net pitching moment climbs faster than the aircraft body featuring a nose-up net pitching

moment.
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Figure 5.25. Flight trajectory for the collective climb.

The acoustic response to the collective climb is provided in Figure 5.26. The top
plot presents the acoustic time history for the aircraft body with a nose-up net pitching
moment; the middle plot presents the acoustic time history for the aircraft body with a
zero net pitching moment; and the bottom plot presents the time histories of several
sound pressure level metrics. As expected from the wake geometries relative to the tip-
path plane, no significant rise in impulsive BVI noise is observed in the predicted
acoustics. However, the tip-path plane tilt due to the net pitching moment does affect the
levels of low frequency loading noise radiated to the horizon. The forward tilt of the tip-
path plane for the fuselage body with a nose-up net pitching moment keeps the far field
observer near the plane of the rotor throughout the maneuver. Comparatively, the
backward tilt of the tip-path plane for the fuselage body with the zero net pitching
moment exposes the far field observer to the underside of the rotor where low frequency
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loading noise leads to an increase in the acoustic levels radiated towards the horizon by

the main rotor.
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Figure 5.26. Acoustic response to the collective climb.
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5.3.4 Longitudinal Cyclic Descents

To execute the longitudinal cyclic descent, a ramp input of +2°/s is applied to the
longitudinal cyclic while the collective control and lateral cyclic are held at the trim
position. The ramp sequence is applied to an aircraft in trimmed level flight traveling at
75 knots. The descent is initiated at an altitude of 45 m when the aircraft is 475 m away
from the center microphone. The time history of the control input sequence relative to the

trim position is plotted in Figure 5.27.
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Figure 5.27. Control input time history for longitudinal cyclic descent.

The fuselage pitch response is shown in Figure 5.28. The nose-down pitch rates
for both aircraft body models increase over the course of the maneuver with the body

featuring the zero net pitching moment accelerating faster.
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Figure 5.28. Pitch rate response for longitudinal cyclic descent.

The angle of attack of the tip-path plane during the course of the maneuver is
presented in Figure 5.29. The cyclic descent results in increasingly negative tip-path
plane angles of attack. The tip-path plane angle of attack for the fuselage body with the
zero net pitching moment decreases faster than the body with a nose-up net pitching

moment.
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Figure 5.29. Tip-path plane angle o f attack response to the longitudinal cyclic

descent.

A diagram showing the orientation of the thrust vector over the course of the
maneuver is illustrated in Figure 5.30. For reference, the action line from the hub to the
center of gravity is displayed in each image to indicate the action of the thrust vector.
Both cyclic pull-up maneuvers result in the thrust vector tilting forward along with the
tip-path plane. As was observed for the cyclic climbs, the range of the tilt is larger for the

fuselage body with the nose-up net pitching moment.
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Figure 5.30. Thrust vector orientation relative to the center of gravity during

longitudinal cyclic descents. All attitudes and geometries are shown to scale.

The airspeed of the helicopter during the descent is presented in Figure 5.31.
During the descent, both aircraft experience acceleration. This is the result of the
exchange of potential and kinetic energy of the aircraft as well as the slight acceleration
from the thrust vector as it is tilted forward. The fuselage body with the zero net pitching
moment increases speed slightly faster than the body with the nose-up net pitching

moment.
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Figure 5.31. Airspeed response to the longitudinal cyclic descent.

Aircraft attitude and wake geometries over the course of the descent maneuver are
illustrated in Figure 5.32. The control is applied at revolution #0 and the geometries and
attitudes are illustrated every five main rotor revolutions. The black arrows at the nose of
the aircraft indicate the angle of the free stream velocity vector. The set of attitude and
wake illustrations on the top correspond to the aircraft body with a nose-up net pitching
moment. The set of attitude and wake illustrations on the bottom correspond to the
aircraft body with a zero net pitching moment. Note that Figure 5.32 is drawn to scale.

The longitudinal cyclic descent results in the tip-path plane tilting forward thereby
increasing the miss distance between the tip-path plane and the trailed wake. Both aircraft
bodies exhibit similar responses to the applied control, but the body with the zero net
pitching moment pitches forward at a faster rate resulting in larger miss distances. As the
miss distance increases over the course of the maneuver, BVI is not expected to be

produced when executing longitudinal cyclic descents.
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Figure 5.32. Aircraft attitude and wake geometry for the longitudinal cyclic

descent. All attitudes and geometries are shown to scale.

The flight trajectory corresponding to the cyclic pitch perturbation is presented in
Figure 5.33. The aircraft body featuring a zero net pitching moment descends faster than

the body with the nose-up net pitching moment.
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Figure 5.33. Flight trajectory for longitudinal cyclic descent.

The acoustic response to the longitudinal cyclic descent is provided in Figure 5.34.
The time history for the fuselage body with a nose-up net pitching moment is plotted at
the top; the time history for the fuselage body with a zero net pitching moment is plotted
in the middle; and the time history of various sound pressure metrics is plotted at the
bottom. The forward tilt of the tip-path plane and the increased miss distance between the
wake and the rotor blades leads to no significant increase in BVI levels during the
maneuver for either fuselage model. Furthermore, the forward tilt of the tip-path plane
also prevents the directivity of the low frequency loading noise from being detected in the
far field. The steady rise in the acoustic levels is mainly due to the aircraft approaching

the observer.
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5.3.5 Collective Descents

To execute the collective descent, a ramp input of -2°/s is applied to the collective
lever while the longitudinal cyclic is held at the trim position. The ramp sequence is
applied to an aircraft in trimmed level flight traveling at 75 knots. The descent is initiated
at an altitude of 45 m when the aircraft is 475 m away from the center microphone. The

time history of the control input sequence relative to the trim position is plotted in Figure

5.35.
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Figure 5.35. Control input time history for the collective descent.

The fuselage pitch rate response to the collective descent is provided in Figure
5.36. The aircraft body with the zero net pitching moment experiences a similar pitch
response to that found from the longitudinal cyclic descent. However, the body with the
nose-up net pitching moment initially has a positive pitch rate. This is a similar
phenomena observed during the collective climbs for the body with the nose-up net
pitching moment and is the result of the action of the thrust vector relative to the center of

gravity. Whereas in the climbs the increase in thrust produces a nose-down motion, here
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the decrease in thrust produces a nose-up motion. Over the course of the maneuver, the

pitch rate reaches a maximum and begins to decrease as the thrust vector begins to tilt

forward.
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Figure 5.36. Pitch rate response to the collective descent.

The angle of attack of the tip-path plane during the course of the maneuver is

presented in Figure 5.37. As expected from the previous illustrations, the tip-path plane

angles of attack become increasingly positive over the course of the maneuver. For the

case of the aircraft body with the nose-up net pitching moment, the angle of attack

increases faster due to the aft tilt of the tip-path plane. For the case of the aircraft body

with the zero net pitching moment, the rate of descent tilts the free stream velocity vector

faster than the tip-path plane can rotate, thereby increasing the tip-path plane angle of

attack.
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A diagram showing the orientation of the thrust vector over the course of the
maneuver is illustrated in Figure 5.38. For reference, the action line from the hub to the
center of gravity is displayed in each image to indicate the action of the thrust vector.
Note that while the alignment of the thrust vector impacts the rotation of the tip-path
plane during the collective descents, the alignment of the thrust vector relative to the
center of gravity remains fairly steady over the course of the maneuver. These trends are

similar to those observed for the collective climbs.

218



Fevolution #20 Revolution #1535  Revolution #10  Eevolution #5 Fevolution #0

Zero Met Moment l

R !
!

Eevolution #20 Revaolutionn #1535 Rewvolution #10 Eevolution #5 Revalution #0

Figure 5.38. Thrust vector orientation relative to the center of gravity during

collective descents. All attitudes and geometries are shown to scale.

The airspeed of the helicopter during the descent is presented in Figure 5.15. For
the case of the aircraft body with a nose-up net pitching moment, the aft tilt of the tip-
path plane and the thrust vector results in a slight drop in airspeed. Comparatively, the
forward tilt of the tip-path plane and the thrust vector for the aircraft body with a zero net

pitching moment produces a slight acceleration as the aircraft descends.
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Figure 5.39. Airspeed response to the collective descent.

Aircraft attitude and wake geometries over the course of the maneuver are
illustrated in Figure 5.40. The control is applied at revolution #0 and the geometries and
attitudes are illustrated every five main rotor revolutions. The black arrows at the nose of
the aircraft indicate the angle of the free stream velocity vector. The set of attitude and
wake illustrations on the top correspond to the aircraft body with a nose-up net pitching
moment. The set of attitude and wake illustrations on the bottom correspond to the
aircraft body with a zero net pitching moment. Note that Figure 5.40 is drawn to scale.

In the case of the aircraft body with a nose-up net pitching moment, the initial
response to the collective input is for the nose of the aircraft and the tip-path plane to tilt
backward. This tilt causes the wake to pass through the tip-path plane where it eventually
settles above the rotor. In the case of the aircraft body with a zero net pitching moment,
the tip-path plane tilts forward. However, the combination of the decrease in thrust and

the vertical descent leads to a reduction in inflow through the rotor and the wake
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eventually passes through the tip-path plane. Both aircraft would be expected to produce

BVI when executing a collective descent.
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Figure 5.40. Aircraft attitude and wake geometry for the collective descent. All

attitudes and geometries are shown to scale.

The flight trajectory corresponding to the collective perturbation is presented in

Figure 5.41. As observed in the cyclic descents, the aircraft body with the zero net
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pitching moment descends faster than the aircraft body with the nose-up net pitching

moment.
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Figure 5.41. Flight trajectory for the collective descent.

The acoustic response to the collective descent is provided in Figure 5.42. The top
plot presents the time history for the aircraft body with a nose-up net pitching moment;
the middle plot presents the time history for the aircraft body with a zero net pitching
moment; and the bottom plot presents the time history of several acoustic metrics. As
expected from the wake geometry illustrations, both collective descents produce
impulsive BVI noise as the wake passes through the tip-path plane. However, these
events are shorter in duration and less intense than those observed for the longitudinal
cyclic climbs. One reason is that the wake passes through the tip-path plane much faster
during the collective descents than during the cyclic climb. The second reason is due to
the directivity of the BVI noise and the attitude of the helicopter during the maneuver.
During the collective descents, when the wake passes through the tip-path plane, the
observer generally remains in the plane of the main rotor. The slight increase of
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impulsive noise observed in the time histories is due to the in-plane component of BVI
noise attributed to the induced drag which generally acts in the plane of the rotor. Since
the magnitude of induced drag is typically much lower than the magnitude of the lift, the

in-plane BVI noise is generally much lower than the out of plane BVI noise.
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Figure 5.42. Acoustic response to collective descent.
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It is important to emphasize that the discussion for the descent maneuvers applies
only to the initial descent transient. As was demonstrated in the case of steady flights, the
BVI noise radiated is related to the steady descent angle. Therefore, the descent angle at
the end of the maneuver will have a significant impact on the BVI characteristics of the
aircraft. In the case of the Bell 206B-3, peak BVI levels were observed for descent angles
between 4.5° and 6°. At shallower descent angles, the trailed wake is far enough below
the tip-path plane that no significant levels of BVI are radiated; at steeper descent angles,
the trailed wake is far enough above the tip-path plane that no significant levels of BVI
are radiated.

Therefore, selection of the appropriate control sequence will depend on the
targeted exit descent angle. For shallow descent angles, the cyclic descent is preferable
because the wake never passes through the tip-path plane. When the aircraft exits the
transient maneuver, the wake will remain below the tip-path plane. For steeper descent
angles, BVI may be unavoidable as the wake will ultimately have to pass through the tip-
path plane. Therefore it will be important to consider the directivity characteristics of the
tip-path plane relative to the observer when executing the descent to avoid unwanted
annoyance and detection.

5.4  Summary

This chapter focused on the application of the first principles model to
maneuvering flight. The first section of this chapter investigated the influence and the
make-up of the thickness noise and the low frequency loading noise in the absence of
BVI noise. Thickness noise is the loudest acoustic source for observers near the plane of

the rotor while loading noise is the loudest acoustic source for observers outside of the
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plane of the rotor. Outside of the plane of the rotor, the Beddoes’ inflow distribution
predicts louder sound pressure levels than those predicted from a uniform inflow model.
Spectral analysis of these sources indicates that the majority of the spectral content is
contained within the first six main rotor harmonics. Furthermore, loading noise tends to
be largely composed of content from the first two main rotor harmonics. For the Bell
206B-3 aircraft which features a fundamental main rotor harmonic frequency of 13.02 Hz,
the majority of the loading noise falls below the threshold of human detection (20 Hz)
and may not be a significant factor in aural detection. Thickness noise, which is spread
over a larger range, will have a larger role in detection especially at higher advance ratios.
Increasing the number of blades or the angular velocity of the main rotor will lead to
further contribution of thickness and low frequency loading noise to detection.

This chapter also broke apart the individual terms of Farassat’s Formulation 1A
solution to the Ffowcs Williams-Hawkings equation. Thickness noise was found to be
largely dominated by the term featuring the time rate of change of the source Mach
number relative to the observer whereas the term featuring the time rate of change of the
normal velocity of the source panel had a negligible impact. When calculating loading
noise, the term featuring the time rate of change of the pressure distribution effectively
shifted the phase of the loading noise. In general, the uniform inflow model preceded the
wave form of the Beddoes’ inflow model.

This dependence between the phasing of the low frequency loading noise and the
inflow distribution has the potential to have a significant impact on how the loading noise
will combine with the thickness noise. While maneuvering flight for the Bell 206B-3 was

largely dominated by BVI noise, the detection of heavier aircraft with larger disk
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loadings may be more related to thickness noise and low frequency loading noise.
Accurate prediction of far field acoustics will ultimately require accurate modeling of the
time rate of change of the loading distribution.

In the second section, the model was used to investigate alternate longitudinal
maneuvers for initiating climbs and descents. These maneuvers included pure
longitudinal cyclic inputs and pure collective inputs. For climbing maneuvers, pure
collective inputs increase the miss distance between the trailed wake and the tip-path
plane and would be preferable over the pure longitudinal cyclic inputs. For descents, pure
longitudinal cyclic inputs increase the miss distance between the trailed wake and the tip-
path plane while pure collective inputs caused the tip-path plane to pass through the wake
and projected in-plane BVI noise from the induced drag towards the horizon. However,
descending maneuvers are sensitive to the exiting glide slope. The selection of the
appropriate control must be made depending on the descent angle. If the pilot exits at a
descent angle known to have a steady state wake above the tip-path plane, the pure
collective maneuver is preferable as it minimizes the time that the trailed wake lies in the
tip-path plane. If the pilot exits the descent at a descent angle known to have a steady
wake below the tip-path plane, the pure longitudinal cyclic maneuver is preferable as the
wake never penetrates the tip-path plane. Therefore, for flying nap-of-the-earth
maneuvers, the pilot should generally ascend by executing fast collective climbs and
descend by executing shallow longitudinal cyclic descents. The maximum rate of descent

will be dependent on the aircraft disk loading and inflow through the main rotor.
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Chapter 6 Summary and Conclusions

A first principles mathematics model has been developed to estimate the external
harmonic noise radiation for a helicopter performing simple dynamic maneuvers in the
longitudinal plane. The performance and noise modeling has been validated with a
specifically designed and implemented full-scale flight test featuring a Bell 206B-3
helicopter for steady-state and maneuvering flight. A novel tip-path plane measurement
system was used during the flight test to help in the validation of the model. The
theoretical modeling has helped to improve the understanding of the origins of low
frequency noise and blade-vortex interaction (BVI) noise during longitudinal
maneuvering flight. The modeling has also highlighted the key parameters that control

helicopter acoustic radiation directed towards the horizon.

6.1 Major Accomplishments

e Developed and validated a new first principles helicopter dynamics and
acoustics model for transient maneuvers in the longitudinal plane.

The dynamics and flapping models agreed very well with in-flight measurements
made during the flight test campaign. Even during the most aggressive longitudinal
transient maneuvers, the model was successfully able to simulate the response of the
fuselage, the response of the main rotor flapping, and the trajectory of the aircraft.

The acoustics model also did a good job of matching the acoustic time histories
recorded by ground-based microphones during the flight test. Low frequency noise
predictions for thickness noise and low frequency loading noise accurately replicated the

pulse shapes and amplitudes of low frequency noise recorded during the transient
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maneuvers. Additionally, the predicted levels and duration of events featuring impulsive
BVI noise matched reasonably well with the microphone recordings. The success of the
modeling demonstrates that relatively simple wake models are sufficient for capturing the
amplitudes and shapes of low frequency harmonic noise and the overall trends of BVI
noise during maneuvering flight.
¢ Demonstrated that the flapping dynamics of the main rotor blades do not

significantly affect the acoustics radiated by the helicopter and can be

neglected.

The main rotor blades take approximately one revolution of the main rotor (0.15
s) to respond to piloting inputs for the Bell 206B-3 aircraft. This response time produces
a similar delay in the overall orientation of the tip-path plane and the acoustics radiated
by the main rotor. Despite the slight time delay, the flapping dynamics did not affect the
duration or the levels of low frequency or BVI noise. Furthermore, the scale of the delay
due to the response time of the blade flapping tends to be small compared to the duration
of the entire maneuver. As a result, the flapping dynamics of the blades can be neglected
without significantly changing the acoustic predictions for a maneuvering helicopter.

¢ Demonstrated that Quasi-Static Acoustic Mapping (Q-SAM) methods can be

used to reliably predict noise radiated during transient maneuvers in the

longitudinal plane.

The first principles model also illustrated that even during the most aggressive
transient maneuvers, the geometric distortion of the wake due to the rotation of the tip-
path plane and the acceleration of the aircraft had a small impact on prediction of the

acoustics. For the most aggressive transient maneuvers, BVI noise levels predicted using
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a Q-SAM method led the higher order model by approximately one main rotor revolution
(0.15 s). As with the flapping dynamics, this time discrepancy is small compared to the
duration of the entire maneuver and has a negligible effect on the predicted levels or
duration of the acoustic events.

The successful demonstration of Q-SAM methods for acoustic prediction of
transient maneuvers is beneficial for the development of reduced order modeling. These
models can reference databases of previously predicted or measured acoustic noise for an
equivalent flight condition determined from the advance ratio, the angle of attack of the
tip-path plane, and the thrust coefficient. Implementation of look up tables greatly
expedites acoustic computations by several orders of magnitude and enables real time
acoustic modeling.

¢ Developed an expanded knowledge base of helicopter main rotor noise
radiation during longitudinal transient maneuvering flight.

The first principles model was used to investigate the individual contributions of
thickness noise, low frequency loading noise, and BVI noise during maneuvering flight
for the Bell 206B-3 helicopter. The model was used to correlate the radiated noise pulse
shapes and directivity characteristics with each source.

Low frequency harmonic noise was shown to be attributed to thickness noise and
low frequency loading noise. The model confirmed the general knowledge that thickness
noise was found to dominate when the observer was in the plane of the rotor and low
frequency loading noise was found to dominate when the observer was out of the plane of

the rotor.
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Impulsive noise during transient maneuvers was shown to be attributed to BVI
noise. The BVI noise levels were verified to be related to the proximity of the wake
trailed by the blade tips to the tip-path plane. Furthermore, the directivity of the BVI
noise was shown to generally radiate out of the plane of the rotor. No significant wake
bundling resulting in a “Super-BVI” was predicted by the model or observed in the
acoustic time histories recorded during the flight test.

Overall, the contribution of the individual noise sources was found to be
dependent on the orientation of the tip-path plane with respect to the far field observer.
Therefore, accurate knowledge of the tip-path plane angle is essential to accurately
predict low frequency and BVI noise during maneuvering flight.

e Designed, constructed, and used a unique optics-based tip-path plane
tracking system to measure the main rotor flapping of a full scale
maneuvering helicopter.

A custom tip-path plane tracking system was developed to monitor the
longitudinal flapping of the main rotor blades during maneuvering flight. This system
was included with the instrumentation installed on the Bell 206B-3 aircraft during the
acoustic flight test campaign. Measurements from this system were used to validate the
blade flapping model and to quantify the effects of the blade dynamics to the external
acoustic radiation of the aircraft.

The success of this system was used to develop a second generation tip-path plane
tracking system that was capable of monitoring the longitudinal and lateral flapping of
the main rotor blades. This system was developed for NASA and is currently being used

in Rotorcraft Noise Model (RNM) flight testing.
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6.2 Research and Development Impact

The findings described in this dissertation have provided insight into the behavior
of main rotor harmonic noise during longitudinal transient maneuvers. The demonstrated
success of the relatively simple modeling methodology leads to several immediate
applications. Two areas that are presently being explored include the development of a
real time in-cabin acoustic display and the implementation for use in optimizing flight
trajectories for noise mitigation. These applications are described below.

¢ The operational use of Q-SAM to predict main rotor harmonic noise for
transient maneuvering flight.

Q-SAM models have the potential to greatly reduce the computational expense of
modeling the external radiation of the helicopter main rotor and make real time prediction
possible. Q-SAM models relate the acoustics radiated by an aircraft to the acoustics
produced when operating at an equivalent steady state flight condition. This enables the
implementation of a variety of existing and future Rotorcraft Noise Model (RNM)
databases to be used to predict the acoustics radiated during transient maneuvers.

An immediate use of Q-SAM modeling is the development of an in-cabin display
that predicts the far-field acoustics radiated by the helicopter during flight. Traditionally,
the acoustic noise heard within the cabin has been used as an indicator of the far field
acoustic radiation. However, due to the directivity of the main rotor noise sources and the
position of the cabin relative to these sources, cabin noise is not a reliable indicator of
external noise radiation. As an alternative, an in-cabin acoustic display system could
monitor the operating condition of the aircraft and refer to an acoustic database for

predicting the far field acoustics. While these databases are generally designed for steady

232



state flight, this research has shown that they can be also be used to predict the main rotor
acoustics during transient maneuvers.
e Results provide guidance for the development of techniques to fly quietly.

The findings from this research can be used to train pilots to mitigate the levels of
noise radiated by the aircraft when executing transient maneuvers and optimize flight
trajectories for minimal noise production. These mitigation strategies are applicable to
military and civilian missions.

When present, BVI noise is typically the loudest acoustic source of the main rotor.
Since BVI intensity is related to the proximity of the blade to the trailed wake, a good
practice is to avoid flying in conditions where the wake passes through the tip-path plane
of the main rotor.

However, the manner in which acoustic sources radiate towards far field
observers was found to be dependent on the orientation of the tip-path plane relative to
those observers. In certain instances, the pilot may only be concerned with the projection
of specific acoustic sources towards specified targets. A common situation arises in
military missions where the observer tends to be far ahead of the helicopter towards the
horizon. In this scenario, it may be more advantageous to maintain a desired tip-path
plane attitude relative to the observer. Appropriate combination maneuvers can be
designed such that in the event that the aircraft does produce BVI noise, the tip-path
plane orientation ensures that the majority of the acoustic energy is projected below the

helicopter and not towards the horizon.
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6.3  Suggestions for Future Research

The findings of this research present some interesting opportunities for future
research. These opportunities include extending the capabilities of the modeling and
additional validation.

e Extended capabilities and applications for the first principles model.

The work presented in this dissertation has shown that it is possible to accurately
predict the main rotor noise sources on the Bell 206B-3 helicopter for longitudinal
maneuvering flight. However, several improvements could be implemented to expand the
capabilities of the model.

First, the mathematical model should be expanded to study lateral flight. For these
lateral maneuvers, the uniform inflow distribution used with the dynamics model should
be updated to incorporate, at minimum, longitudinal inflow variations. While the
longitudinal inflow variation has been shown to have small effects on longitudinal
flapping, it does have a notable effect on the lateral flapping. Since wake proximity to the
tip-path plane is an important consideration when predicting far field acoustics during
transient maneuvers, it is essential to have an accurate model for the complete orientation
of the tip-path plane during lateral maneuvers.

Second, the model should be used to perform a thorough parametric study. In
particular, a study should be conducted to study the acoustic trends for aircraft of
differing gross weights, operations at high elevations, and helicopters with more than two
main rotor blades.

Third, the tail rotor acoustics and performance should be incorporated into the

model to more accurately predict the acoustic radiation profiles of the conventional
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helicopter. This requires the expansion of the dynamics and performance model to
include the tail rotor in the force balance. The acoustic model would also have to be
amended to compute the thickness and loading noise for the tail rotor.

Lastly, the model should be extended to support helicopters of different
configurations. In particular, noise predictions should be made for counter-rotating main
rotors, tandem configurations, and compound helicopters. It would be particularly
beneficial to study configurations that feature high cruising speeds and the effects of the
high advance ratios.

¢ Additional validation for modeling improvements.

During maneuvering flight, the pilot is likely to execute rolling maneuvers that
may produce intense BVI noise. These maneuvers were also examined during the Gilroy
flight test, but the tip-path plane tracking system was only capable of tracking the
longitudinal flapping motion of the main rotor, so the lateral flapping motion could not be
verified with onboard measurements. To validate the extension of the model to lateral
maneuvers, the full scale validation efforts should be extended to lateral steady-state and
maneuvering flight.

Next, the sensitivity of the low frequency loading noise indicates a necessity to
identify the appropriate loading distribution on the main rotor. Measurement of the blade
loads on the rotor during flight poses a significant technical challenge. However, it may
be possible to study the effects of loading distributions with existing experimental data. A
natural starting point would be to compare the model to available wind tunnel and flight

test data for pressure instrumented blades where the loading distributions are known.

235



Lastly, additional aircraft should be used in the validation process. As in the
parametric study, these aircraft should have a range of gross weights and feature various

rotor configurations.
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Appendix A Coordinate Systems

The helicopter rotor system consists of a variety of coordinate systems. Each of
these systems is composed of an orthogonal basis of unit vectors that are carefully
selected to measure specific properties in the first principles model. These measurements
include the inertial properties of the aircraft, the aerodynamics of the blade sections, and
the orientation of the tip-path plane. While no single coordinate system provides intuitive
measurements for everything, transformations can be performed to convert the vector
quantities expressed in one system in terms of another.

Consider, for example, two different basis sets of orthogonal unit vectors

A

{fA,jA,kA} and {fB,fB,IgB} as illustrated in Figure A.1. If A” is a vector defined using
the initial basis of unit vectors, then there exists a transformation matrix that allows the

same vector to be described in the second basis of unit vectors, A” [52]:

Lol 1ye], Ik
.5 B°lA B8%JaA B K4 (A
Aj,B =\ Jg*ta J®Ja ]B°kA Aj,A (A.1)

Ag) |kyel, kyej, kyok, || Aca
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Figure A.1. General coordinate system transformation.

The following subsections describe the various coordinate systems in detail and
list the transformation matrices used to convert vectors from one system to another. An
overview of the various coordinate systems is shown in Figure A.2. The first letter of
each coordinate system is used as shorthand when describing measurements in a
particular system. Transformation matrices used to move from one coordinate system to

Xy

another are shown in boxes. Therefore, the symbol 7" is to be read “the transformation

matrix from coordinate system X to coordinate system Y.”
As an example, a vector described in the aerodynamic system, Y* , can be

expressed in the tip-path plane system, Y" , by the following transformation:

? _ [TS/T } I:TR/S } I:TA/R } F (A.2)
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TR/A T,A /R
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TrA/L TI‘J/A
A

Local Blade
System

Figure A.2. Flow diagram of coordinate system transformations.

A.1 Inertial Coordinate System

The inertial coordinate system is made up of the basis of orthogonal unit vectors
f, , }1 , and 121 . The origin of this system, point O, is collocated with the center
microphone and remains fixed with respect to the earth. This system is defined such that

unit vector 7, points north, unit vector j, points east, and lgl , the cross-product of #, and

j, , points down (see Figure A.3). The inertial coordinate system is used with the onboard

differential GPS system to relate the position of the aircraft to the microphones.
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Figure A.3. Diagram of inertial coordinate system.

A.2  Body Coordinate System

The body coordinate system is made up of the basis of orthogonal unit vectors fB,
jB , and 123. The origin of this system, point B, is located at the center of gravity of the
aircraft. This system is defined such that unit vector fB points towards the nose of the
aircraft parallel to the fuselage waterline, unit vector jB points to starboard parallel to the

fuselage waterline, and IQB, the cross product of 7, and j,, points down normal to the

fuselage waterline (see Figure A.4). This reference frame rotates with the fuselage.
Inertial measurements made by the in-flight instrumentation are recorded in this

reference system. Furthermore, the body coordinate system is advantageous for

calculating the equations of motion for the aircraft because the moments of inertia remain

constant when defined in this system.
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Figure A.4. Diagram of body-fixed coordinate system.

Transformation from the inertial coordinate system to the body coordinate system
is performed using the standard aircraft orientation angles [53]. In this convention, first

the fuselage yaw, ¥, is applied, then the fuselage pitch, 8,, is applied, and lastly the
fuselage roll, ¢@,, is applied. The yaw angle is the magnetic bearing of the aircraft relative
to north and is positive in the direction of increasing magnetic bearing. The pitch angle is
the angle of the unit vector fB relative to the horizon and is positive for nose up attitudes.
The roll angle is the angle of the unit vector j, relative to the horizon and is positive for

starboard-wing-down attitudes. This rotation sequence is illustrated in Figure A.S.
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Figure A.5. Order of transformation from inertial coordinate system to the body-

fixed coordinate system.

The transformation matrix from the inertial coordinate system to the body

coordinate system is:

cosy, cos G, siny, cos @,

1B cosy, sin @, sin @, siny/, sin 8, sin ¢,
= ( —sin Y, cos @, ] ( +cos Y, cos @,
[cos W, sin @, cos @, j [sin W, sin 6, cos g,

+siny/, sin @, —CosY, sin @,

j cos @, sin @,

j cos 8, cos @,

(A.3)

The inverse transformation from the body coordinate system to the inertial

coordinate system is:
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(cos W, sin @, sin @, } (cos W, sin 6, cos g, j
cosy, cos b,

—siny/, cos @, +siny/, sin @,
siny/, sin G, sin @, siny/, sin @, cos @,
+cosy, cos @, —Cos Y/, sin @,

—sin g, cos @, sin ¢, cos @, cos @,

" =| siny, cos b, [ (A.4)

A.3  Shaft Coordinate System

The shaft coordinate system is made up of the basis of orthogonal unit vectors fs ,
}S , and lgs . The origin of this system, point H , is at the main rotor hub. This system is
defined such that the unit vector lgs points down parallel to the shaft, and the unit vector
fs is perpendicular to the shaft and points towards the nose (see Figure A.6). The unit
vector }S is defined as the cross product of lgs and fs and is parallel to the unit vector }B
from the body coordinate system. Unit vectors fs and }S lie in the hub plane. The shaft

tilt angle, &, is made about the unit vector js and is positive when the shaft is tilted

back towards the tail. Derivations of the blade flapping and shaft loads are made relative

to this coordinate system.

495
is
—— H H
—_ ub Plane
<— -
~ ks

Figure A.6. Diagram of shaft-fixed coordinate system.
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The transformation matrix from the body coordinate system to the shaft-fixed

coordinate system is:

cosdy 0 —sind
T*S =] 0 1 0 (A.5)

sing 0 cosé

The inverse transformation matrix from the shaft-fixed coordinate system to the

body coordinate system is:

cosd, O siné;
7% =] 0 1 0 (A.6)

—sinfd;, 0 cosé

A.4 Rotating Coordinate System
The rotating coordinate system is made up of the basis of orthogonal unit vectors

fR, }R, and IQR. The origin of this system, point H , is at the main rotor hub. This system
rotates with the shaft and is defined such that unit vector 1, » 1s perpendicular to the shaft
and points along the projection of the blade elastic axis on the hub plane, unit vector IQR
points upward parallel to the shaft, and unit vector }R is the cross product of IQR and fR
(see Figure A.7). Unit vectors 7, and j, both lie in the hub plane and the unit vector IQR
is parallel to the unit vector 125 from the shaft coordinate system. The blade azimuth

angle, y, 1s made about the unit vector IQR, is positive clockwise as seen from above the

plane of rotation, and is measured relative to the tail of the aircraft.
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Figure A.7. Diagram of shaft-rotating coordinate system.

The transformation matrix from the shaft-fixed coordinate system to the blade

rotating coordinate system is:

—cosy siny O
7% =| siny cosy 0 (A7)
0 0 -1

The inverse transformation matrix from the blade rotating coordinate system to

the shaft-fixed coordinate system is:

—cosy siny O
T =| siny cosy 0 (A.8)
0 0 -1

A.5 Aerodynamic Coordinate System

The aerodynamics coordinate system is made up of the basis of orthogonal unit

vectors ¢, é,, and é,. The origin of this system, point H , is at the main rotor hub. This
system is defined such that unit vector €, points outward along the elastic axis of the
blade, ¢, is perpendicular to the shaft and lies in the hub plane, and unit vector ¢, is the

cross product of ¢, and ¢, (see Figure A.8). The unit vector e, is parallel to the unit

vector }R from the rotating coordinate system. The blade flapping angle, £, is made about
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the unit vector ¢, and is positive as the blade flaps above the hub plane. This system is

used to obtain the airfoil sectional aerodynamics.

Hub Plane

/ Elastic Axis ey

Shaft Axis of
Rotation

Projection of Elastic
p Axis on Hub Plane

i
i
i
i
i
Figure A.8. Diagram of aerodynamic coordinate system.

The transformation matrix from the blade rotating coordinate system to the
aerodynamic coordinate system is:

0 -1 0 0 -1 0
TH* =|sinf 0 -cosf|= [B 0 -1 (A.9)
cosf 0 sinf 1 0 p

Small Angle Approximation

The inverse transformation matrix from the aerodynamic coordinate system to the

blade rotating coordinate system is:

0 sinf cosf 0 B 1
TYR =| -1 0 0O = (-1 0 O (A.10)

0 —cosf sinpf 0 -1 B

%/—J
Small Angle Approximation
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A.6 Local Blade Coordinate System

The local aerodynamics coordinate system is made up of the basis of orthogonal

unit vectors &, , €,,, and &, , . The origin of this system, point P, lies on the elastic
axis at the root of the blade. This system is defined such that unit vector €, , points along

the chord line from the leading edge to the trailing edge of the blade at the root station,

unit vector €, , points outward along the elastic axis of the blade, and unit vector ¢, , is
the cross product of ¢, , and ¢, , (see Figure A.9). Unit vector ¢, is parallel to unit
vector ¢, from the aerodynamic coordinate system. The root pitch angle, 8, is made
about &, and is positive as the blade pitches leading-edge-up. This coordinate system is

used to conveniently describe the blade geometry.

Line Parallel to
Hub Plane

Chord Line

é\P,L é
Figure A.9. Diagram of local blade coordinate system.

The transformation matrix from the aerodynamic coordinate system to the local

blade coordinate system is:

cosd sin@ O
TY" =| —sin@® cos@ 0 (A.11)
0 0 1
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The inverse transformation matrix from the local blade coordinate system to the

aerodynamic coordinate system is:

cosd —sinf O
TY* =|sin@ cos@® 0 (A.12)
0 0 1

A.7 Tip-Path Plane Coordinate System

The tip-path plane is defined as the plane traced by the blade tip under first
harmonic flapping motion over one revolution of the main rotor:

B =a,—a cosy—b siny (A.13)

Where a, is the coning angle of the blade, a, is the longitudinal flapping angle,
and b, is the lateral flapping angle.

The tip-path plane coordinate system is made up of the basis of orthogonal unit
vectors i, J,, and IQT. This system is defined such that IQT points upward normal to the

tip-path plane, unit vector fT points along the tip-path plane towards the tail, and unit

vector j, is the cross product of IQT and 7, (see Figure A.10). The longitudinal flapping
angle, a,, 1s defined positive when the tip-path plane is tilted back towards the tail; the
lateral flapping angle, b,, is positive when the tip-path plane is tilted to starboard. This

coordinate system is used to relate the inflow through the rotor and miss distance between

the trailed wake and the blades.
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Hub Plane

o

Tip-Path Plane _

—_— bl

Hub Plane

Figure A.10. Diagram of the tip-path plane coordinate system.

The transformation matrix from the shaft-fixed coordinate system to the tip-path

plane coordinate system is:

—cosa, 0 sina,
T°" =| sing,sinb, cosh, ~ cosa,sinb, (A.14)
—singa, cosb, sinb, —cosa, cosb,

The inverse transformation matrix from the tip-path plane coordinate system to

the shaft-fixed coordinate system is:

—cosa, sing,sinb, —sina, cosb,
T .
T = 0 cosh, sin b, (A.15)

sina, cosa,sinb, —cosa, cosb,
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Appendix B Body Equations of Motion

In this section, the Euler’s equations of motion are derived for a helicopter with a
symmetric fuselage shown in Figure B.1. Body velocities and accelerations, both
translational and rotational, are assumed positive when acting in the same direction as the

body coordinate system. The center of gravity of the entire aircraft is located at point B .

Fuselage Line of Symmetry

P

Figure B.1. Body coordinate system orientation.

Newton’s second law applied to mass element dm moving with absolute velocity

y yields:

>N d'F= [dIV]dm (B.1)

250



Where Zd? is the resultant of all forces acting on the mass element. The

superscript I indicates that the term is expressed relative to the inertial frame. Integrating

the above equation over the entire body yields:

= 1 dW
Y 'F=m L " ] (B.2)

Where z 'F is the resultant external force acting on the entire body at the center

of mass.

Equation (B.2) can also be expressed in terms of the body coordinate system:

oy oY
Y 'F=m {dv]:m (dV]+w”B><’v (B.3)

dt dt

Where 'V =ufB +V}B+wk3 and o'"* =pf3+q}3+rk3

Expanding equation (B.3) yields:

ZG-?B =X =mu+m(qw—rv) (B.4)
ZTI;-jB =Y =mv+m(ru—pw) (B.5)
Z?-IQB =Z=mw+m(pv—qu) (B.6)

Next consider the angular momentum of a mass element. The inertial angular

momentum of a mass element relative to the center of mass, B, is:

1
d'h=|r, ~x [d’z—;"’BJ dm (B.7)

As before, the expression can be expanded in terms of the body coordinate

system:
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0 (rigid body)

Where r,, , =xi, +yj, + 2k,

(B.8)

Integrating the above expression yields the total angular momentum acting at the

center of mass:

IXX _IX\

o :
h=|-1, I,
_IZ)C _IZV

(B.9)

The sum of the external moments about the center of mass, z "M, is the time

derivative of the angular momentum relative to the inertial reference frame:

(5

Which yields:

ZTAZ.fE =L= Inp-i-ln_ (pr—c})—lﬂ (pq+i’)+lﬂ (r2 —612)+(IZZ —I”)qr
S M, =M =1 G-1 (gr+p)+ 1 (pg-F)+1 (p" =)+ (1, ~1.) pr

ZW-IQB =N-= I:zl'f+IX: (qr—p)—l‘_z (pr+c})+lxy (q2 —p2)+(lﬂ —Iu)pq
For a body that is symmetric about the xz plane, I

this assumption, the moment equations reduce to:

d'h
—+0'""x
dr
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(B.11)

(B.12)

(B.13)

«=1,.=1,=0. Under



Lzlxxl'j_l,rz(pq+i.)+(lzz _I)’)’)qr

M :I,qu+lxz(p2_r2)+(lxx_lzz)pr

N:Izz’;-l_lxz(qr_p)—i_(lyy_Iﬁ)pq

(B.14)

(B.15)

(B.16)

In the case of purely longitudinal flight, v=p=r=p=7=0. The resulting

inertial force and moment equations for longitudinal flight are:

X =m(u+qw)
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Appendix C Blade Kinematics

This section describes the blade kinematics of the system shown in Figure C.1.
Point O is the origin of the inertial coordinate system. Point B is the center of gravity of
the helicopter. Point H is the center of the hub. Point P is a point along the elastic axis of
the rotor blade. It is assumed in this model that the quarter-chord and elastic axis are

coincident.

— 7/ AN

Figure C.1. Diagram of blade-related position vectors.

C.1 Position Vector to Point on the Elastic Axis

The absolute position vector from the fixed origin to the blade point, a;, read

“the position vector from point O to point P’ can be deconstructed into a sum of position
vectors that are easily measured with respect to the appropriate coordinate system. As

depicted, the absolute position vector is:
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"pio0 = Vg0 Y Tup + o (C.1)

The position vector r,,, is from the inertial origin to the center of gravity of the
body and is represented in the inertial coordinate system:

_ A

Tgi0 = XIfI + }’1j1 +z,k, (C2)

The position vector E is from the center of gravity to the hub and is
represented in the body coordinate system:
EZXH;B +yH.;B+ZHl€B (C.3)
The position vector ﬂ is the position vector from the hub to the target point on
the elastic axis of the blade and is represented in the aerodynamic coordinate system:
Fopy =08, +08, +ré, (C.4)

C.2  Absolute Velocity of a Point on the Elastic Axis

The absolute velocity of point P, is found by taking the first time derivative of the

absolute position vector:
1 —_ 1 —_ 1 _ 1 _
ATy =V, = ATy n ATy n Aty (C.5)
dt dt dt dt

l—. . . . . .
The term V,,, is read “the velocity vector of point P relative to point O.” The

preceding superscript / indicates that the derivative was taken in the inertial reference
frame. The individual terms on the right hand side of equation (C.5) can be further
broken down into more appropriate forms.

The first term is simply the absolute velocity of the center of gravity. In the body

coordinate system, this velocity is:

255



1 _
d o
[—E&}:ﬁgm:u%+wg+w@ (C.6)

The second term is the inertial velocity of the hub relative to the body. The
distance between the center of gravity and the hub is assumed fixed. This term can be

expressed in body coordinates:

I . B -
drH/B drH/B BIl , .
— = | —= [+ @ Xr C.7
[ dt dt e 7
0 (rigid body)

The third term is the inertial velocity of the point on the elastic axis relative to the

hub where ®”’ is the rotational velocity of the blade with respect to the inertial
coordinates. It is assumed that the shaft tilt angle remains constant and that the blades are

rigid. This term can be expressed in aerodynamic coordinates:

1 B

dr, dr — —
PiH | _ PIH BIT
—LH = P P X,
dt dt
I g 3 i
Torg | _ Tpiu BI1 S/B S
—bi = | P P+ w X Ty
dt dt 0 (rigid body)
' dr, i dr, — =7\ — €3)
PIH | _ | (a)B/I P )X -
dt dt
I P A i
r r S
PIH | _ PIH +(a)3/1 L 4 wA/R)XrP/B
dt dt
0 (rigid body)

Referring to Figure C.2, the angular velocity of the body relative to the inertial

frame, @®" | is:

@™ =y k, +6,], + i, (C.9)
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Figure C.2. Euler angle diagram.

If these rotations are transformed to the body system, equation (C.9) becomes:

@"" = pi, +qj, +rk, (C.10)
Where:
pP= ¢B — Yy sinb,
q =V, cos @, sing, + 6, cos @, (C.11)
r =1y, cos @, cosf, — 6, sin ¢BI€B
Similarly:

0, = qcos@, —rsing,
¢, = (rcosd, +qsing, )tan 6, + p (C.12)
W, =(rcos@, +gsing, )sech,
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In the following derivations, the yaw rate, r, is neglected.

The angular velocity of the rotating frame relative to the shaft, o , is the
angular velocity of the main rotor. In the rotating frame coordinates:
@ =0, +0], + Ok, (C.13)
The angular velocity of the aerodynamic system relative to the blade rotating
system, W, is the flapping rate of the blade. Assuming no lagging or feathering, the
angular velocity in the aerodynamic frame coordinates is:
" = B, +0¢6, +06, (C.14)
Combining the above expressions yields the following closed form expression for

the absolute velocity of a point on the elastic axis expressed in the aerodynamic

coordinate system:

] ———

VP/O = VT,exactéT + VP,exactéP + VR,exacléR (C 15)
Where:
Vi e ==V, SINY — V., cosy —qz, cos 0 siny —gx,, sin @ siny + pz,, cosy
’ o _ (C.16)
—rQ— prcos 6, cosyf + grsinyf+ prsiné,
Vi aer =V COSYB+V_sinyfB+V_ —qz, cos @ cosyf —gx, sin @ cosyf
’ " ” ) (C.17)
—pz,, sinyfB+qz, sin@, —gx, cos@, —r+ prcos @, siny +qrcosy
Viewaar =V cosy+V siny =V, B—qz, cosf, cosy —qx, sing, cosy C.18)
~pz, Siny —qz,, sin 6, f+qx,, cos 6, '
V., =ucosf —wsinb, (C.19)
V,=v (C.20)
V,=usinf +wcos6, (C.21)
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If small magnitude terms are ignored, the absolute velocity of a point on the
elastic axis can be reduced as:
oo = Ve, +V,e, +V, e, (C.22)
Where
V, ==V, siny =V cosy —rQ (C.23)
V, ==V cosyf+V sinyf+V_ + prcosfsiny +qrcosy — rf (C.24)
V==V, cosy+V siny-V_f (C.25)
To justify the elimination of the smaller terms, it is important to compare the
velocity expressions. Consider the time history of the pitch-up rate, ¢, during the most

aggressive pull-up maneuver from the Gilroy flight test is shown in Figure C.3. Note that
the maximum pitch-up rate occurs at a source time of 42.61 seconds since the beginning
of the data record. This point is of interest because most of the eliminated terms are

related to the attitude rates of change.

. t. = 42.61s

.10t

=]

=

= gt
_1|:| 1 1 1 1 1
40 41 42 43 44 45

Source Time, s

Figure C.3. Time history of pitch-up rate.

The approximate and exact forms of the absolute velocity of a point on the elastic

axis are plotted together in Figure C.4. Note that the two expressions are nearly identical.
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Figure C.4. Comparison of exact and approximate velocity expressions over one
revolution.

For purely longitudinal flight, the absolute velocity terms further reduce to:

V, ==V _siny —rQ

(C.26)
V,=-V_ cosyB+V_ +qrcosy—rf (C.27)
Ve=-V,cosy -V, (C.28)
C.3 Absolute Acceleration of a Point on the Elastic Axis

The absolute acceleration of point P is found by taking the second time derivative
of equation (C.1) in the inertial frame.

I — Loy Ly N T ——
{d rP/Olea _ [ 40 n d Ty n d Ty
dr’ e dr’ dr’

(C.29)
dr’

[— “ . . . . L)
The term a,,, is read “the acceleration vector of point P relative to point O.

The preceding superscript / indicates that the derivative was taken in the inertial
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reference frame. As before, the terms on the right hand side of equation (C.29) can be

deconstructed into more appropriate forms:

i I i .

d’r d’r - —

( d};/o _ dz;/o ey +(l)B”X(0)B”X7”H/B)
t t

+|:(E)B” T X+ E 4 (a)B/I PO )X a)A/RjIX o (C.30)

+(w3/1 S 4 VR )X [(C()B” + ™S 4 VR )X o }

The absolute acceleration of the center of gravity relative to the inertial frame can

be expressed in body coordinates as:

1 R
(dd’;‘i/OJ: IaB/o =(d+qw—w)f3 +(v+ru—pw) jB +(W+pv—qu)/€8 (C.31)

The angular acceleration of the body system relative to the inertial system, &"" ,

expressed in the body coordinate system is:
. BIT % e LA
@ = pig+qj, +1ky (C.32)
As with the velocity expression, the yaw acceleration will also be assumed

negligible in the following derivations.

The angular acceleration of the aerodynamic system relative to the blade rotating

system @"'* expressed in the aerodynamic coordinate system is:
o'* = pe, (C.33)
Combining the above expressions yields the following closed form expression for

the absolute acceleration of a point on the elastic axis expressed in the aerodynamic

coordinate system:

1

aP/O = aT,exacleT + aP,exacteP + aR,exacteR (334)
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Where

A ey =~ SINY —a  COSY — Gz, COS O, sInY + 2grsin W — gx,, sin @, siny
+pz, cosy — prcos B, cosyf + grsinyB + prsin@, —2prcosé,. cosy  (C.35)
—2prsin 6. BB+ 2rQ BB

aP,exacz = _axs COos l//ﬁ + ays Sin Wﬂ + azs - qZH COos es COos l//ﬂ - qu Sin 03' COos l/jﬁ
—pz,, sinyf + gz, sin 6, — gx,, cos @, + prcos b, siny + grcosy (C.36)
+2prQcos 6, cosy —2qrQsiny —rf—rQ> B+ 2prQsin 6. B

a =-a, cosy +a, siny —a_ff—qz, cos@, cosy —gx, sinf, cosy

R,exact
—pzy, Siny — gz, sin @, B+ gx,, cos B, f— rQ> + 2 prcos b, sinyf (C.37)
+2grcosyf — 2 prQcos 6, cosyB +2prQsin 6, +2qrQsinyf

a, =(i+qw)cos8 —(w+ pv—qu)siné, (C.38)
a, = V—pw (C.39)
a, =(u+qw)sin@, +(Ww+ pv—qu)cos6, (C.40)

If small magnitude terms are omitted, the absolute acceleration of a point on the

elastic axis reduces to:
App = Ape; +apep +ape, (C41)
Where
a, =—a, siny —a  cosy +2qrsin Wl + grsinyB+2rQ BB (C.42)
ap, =a, + prcos@ siny +grcosy +2prcos @ cosy —2qrQdsiny — rB-rQ B (C.43)
a,=-a,cosy+a, siny—a_fi— rQ* —2prQcos 8, cosyfB +2qrQsin yf (C.44)

As with the velocity expressions, it is important to compare the approximate and

exact forms of the acceleration expressions. The time histories of the pitch-up rate, ¢,

and the rate of change of the pitch-up rate, ¢, are shown in Figure C.5. Note that the
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maximum value for g occurs at 42.61 seconds since the beginning of the data record and
g occurs 41.81 seconds since the beginning of the data record. As with the velocity
expressions, these times are of interest because the majority of the eliminated terms from

the exact acceleration expression are related to the attitude rates of change.

t,=42.6ls
20r 130
t,=41.8ls

0, deg's

1y 11

47 43 |

Source Time, s

Figure C.5. Time history of pitching rate and pitching acceleration.

The approximate and exact forms of the absolute acceleration of a point on the

elastic axis are plotted together in Figure C.6 at both critical times of interest. Note that at

both cases the two expressions are nearly identical.
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1 Revolution, t= 72 B

W

For purely longitudinal flight, the absolute acceleration terms reduce to:

a, =—a_ siny +2qrsinyB +grsinyB+2rQ BB

ap, =a, +c'1rcos;//—2qusinl//—rﬁ_erlB
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a, =—a,cosy —a. B—rQ’ +2qrQsinyf (C.47)
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Appendix D Inflow Model

D.1 Review of Relevant Reference Frames

General momentum theory can be used to derive an expression for the inflow
through the tip-path plane. While this procedure is commonly found in a variety of
rotorcraft aerodynamics texts, it is presented here for completeness based on the sign
conventions and coordinate systems defined throughout this dissertation. In the derivation
of aerodynamic loads and moments, it is assumed throughout this dissertation that the
result acts in the same direction as the set of basis vectors used to describe a coordinate
system (see Figure D.1). In the case of the shaft coordinate system, by convention the
thrust and H-force are assumed to act downwards and towards the front of the helicopter
respectively. In the case of the tip-path plane coordinate system, by convention the thrust
and H-force are assumed to act upwards and towards the tail of the helicopter

respectively.

~
kT

tq?‘?‘>

Figure D.1. Aerodynamic loads acting in their assumed positive directions.
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Based on this convention, the thrust represented in the tip-path plane system, 75,

and the thrust represented in the shaft system, 7, , are related as:

HP ®
I.,, =—T,,cosa, —H,,sina, (D.1)
Assuming 7T,,> H,,sinag, and small angles for the longitudinal flapping

coefficient:

T,

PP

~-T,, (D.2)

D.2 Derivation of Inflow through the Tip-Path Plane

Consider the general inflow model of an actuator disk in forward flight shown in
Figure D.2. The loads shown in this figure are the instantaneous rotor forces. Using this
model and the conservation principles of mass, momentum, and energy, it is possible to
obtain a relationship for the inflow through the actuator disk. Note in Figure D.2 the sign
convention used in the inflow model assumes positive inflow when moving from the top

of the rotor disk to the bottom.
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Vsinar,p

%4 CITPP\[\

Veosap,

W - smag,

+ve

Figure D.2. Inflow model for forward flight.

From conservation of mass using Glauert’s flow model

m= pA\/(Vm cos @y )’ + (v, =V sina,, )’
From conservation of momentum:
~Tpp = (w=V_sin @, ) —mV_ sina,,,
—Tpp =W
From conservation of energy:

P

PP

-T

w=2y,

1

Combining these equations and solving for the induced velocity yields:
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2
v = Vi (D.8)

1
\/(Vm Cos &ty ) +(v, =V, sinay,, )’

Where v, is the induced velocity in hover:

y, = | (D.9)
2pA

Because the induced velocity variable appears on both side of the expression, it is
common to use an iterative solver to converge on the induced inflow. In the model
described in this dissertation, a Newton-Raphson iteration method is applied.

The total inflow through the rotor is:

2
Vi

v, =V _sin,, = =V, sind,,, (D.10)

\/(VM cos @)’ +(v. =V sina,, )’

As was the case with the induced velocity, the total inflow through the disk must
also be solved with an iterative solver such as the Newton-Raphson method.

The induced inflow expressions can also be expressed non-dimensionally with
respect to tip-speed:

% -C,

=)= - (D.11)
QR 2\/ﬂ2+(ﬂﬁ'_ﬂtananﬂp)
Where
_ V., cosap, - V., (D.12)
QR QR
C, = Lz (D.13)
PA(QR)

Non-dimensionalizing the total inflow through the tip-path plane yields:
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Appp = s
21+ Ay

D.3  Derivation of Inflow through the Hub Plane

— gtan &, (D.14)

Assuming small angles, the induced velocity through the tip-path plane is
approximately equal to the induced velocity through the hub plane:

A

i TPP —

A

i,HP

cosa, = A yp (D.15)
Therefore
A= Ay iy = gy + 10 (D.16)
Where ¢, is the angle of attack of the hub. From Figure D.1:
Olppp = O + (D.17)

This yields the relationship between the total inflow through the tip-path plane

and the total inflow through the hub plane:
Aup = Aoy + (D.18)
Aoy = Aygp — Ha, (D.19)
D.4 Taylor Series Expansion of Inflow Model

To expedite computation of the inflow through the tip-path plane, a Taylor series
expansion is presented. This approximates the inflow during a maneuver to the inflow at

the nominal thrust coefficient during steady flight, C;; and with the tip-path plane

aligned parallel to the free-stream velocity (i.e. Opppy = 0) :

oA, (C, ,
//LTPP (CT > arpp ) = ﬂ’TI’P (Cr.o ° arpno ) + - ( aTCO a,TPP»O ) (CT - Cro )
! (D.20)
a/erP (CT 0° aTPP 0 )
+ A ' (aTPP - aTPP 0 )
Jda '

PP
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Where

—1+ .\t +C;
4 :ﬂ’i(CT,O’aTPP,O):\/ a “ = (D.21)

i,0

2
Oy (Cro@inpo) _ 1 (D.22)
aC, 21+ 2,
A pp (CT,oaaTPP,o) __ Crolid —u (D.23)
aaTPP 2 (#2 + /?“i?o )3/2

Comparisons between the exact inflow through the tip-path plane and the Taylor
series approximations are presented in Figure D.3 for 50% nominal thrust, Figure D.4 for
100% nominal thrust, and Figure D.5 for 150% nominal thrust. Each figure plots the
exact and approximate solutions versus the tip-path plane angle of attack at a variety of
advance ratios in the top frame, and the relative error between the two methods versus the
tip-path plane angle of attack in the bottom frame. The range of advance ratios, tip-path
plane angles of attack, and thrust variations are representative of the measurements
observed during the pure-cyclic pull-up maneuvers experienced during the flight test.
Over this range of flight conditions, the Taylor series expansion yields inflow

calculations very close to the exact solution at a substantially reduced computational cost.
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Figure D.3. Comparison of exact and approximate inflow through the tip-path

plane at 50% nominal thrust. The top frame displays the computed value versus

tip-path plane angle of attack; the bottom frame displays the absolute error.
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Figure D.4. Comparison of exact and approximate inflow through the tip-path
plane at 100% nominal thrust. The top frame displays the computed value versus

tip-path plane angle of attack; the bottom frame displays the absolute error.
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Figure D.5. Comparison of exact and approximate inflow through the tip-path
plane at 150% nominal thrust. The top frame displays the computed value versus

tip-path plane angle of attack; the bottom frame displays the absolute error.
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Appendix E Aerodynamic Loads and Moments

In this appendix, the aerodynamic and rotor loads and moments are expanded into
closed-form representation. All expressions derived in this section are instantaneous
values and are functions of time.

E.1 Expansion of Main Rotor Aerodynamic Forces

Recall the non-dimensional expressions for the tangent and perpendicular fluid

velocity at a given radial station:
up (1) = x+p, cosy + i, siny (E.1)

[ ,
u,(t) :(JHP —x%cosl//—xpcz;s - sinl/lj+(,ux cosy — U, sinl//)ﬂ+éﬁ (E.2)

Also recall from the description of the model that:

B(t)=a,—a,(t)cosy—b,(t)siny (E.3)
B(t)==(a,(1)+b,(t)Q)cosy — (b, (t)—a, (1) Q)siny (E.4)
0(t)=6,(t)—A (t)cosy — B, ()siny +6,,x (E.5)

Note that all higher harmonic terms have been omitted.

The differential aerodynamic load perpendicular to the hub plane is:
dF, (1) = —% pcC R(QR) (420 —u,u, ) dx (E.6)
Integrating along the length of the blade yields:

FP(I)Z'[OIdFP

(E.7)
1
F,(t)= - pcC,,R(QR)’ {6,A, +6,,B, —AC, —-BD, +E, }

275



el

el

=

Where:

1 1

1 1
=(—+—uf+—yf)+ﬂ cosy + 4 siny +— (ﬂ —u )COSZI,V+,UYIUV sin 2y
32 2 C

1 1 2 2

1 1
=(—+ u +— y j+ — M cosY +— L siny +— (ﬂ - M, )cos2y/+—y“uv sin 2y
4 4 3 3 o

1 11, 3, 1 . 1 1 .
=—f | —+—p +— U |cosy+—pu posiny +— 4 cos2Y +—pusin 2y
2 3 4 4 2 2 2

1 1
+—(,uf —,uf)cos3y/+—,ujﬂv sin 3y
4 2 '

1 1 1 3, 1 ,). 1 1 .
=—U +—H U COSY+| —+—H +—p [siny——x cos2Y +—u sin2y
27 20 3 4 4 2 2 -

1 Lo oy
—— U u, cosSy/+—(,uv - U )s1n3l//
e 4\

1 1 g 1 pc030 I a 1 b
=| =4, + AT t—U =l
2 Q 4 4 " Q 4 Q
( lg 1 [ 1} 1a])
+ -~ A, +——-—pa, —,u Moa, u ——y b +—— |cosy
3Q 2 3 3Q
[ 1 pcosd 1 [ 1 1} 1 16)
+ -u A, +— +—pa, u ——,u ——la ——,u,u\ b +—— |siny
3 Q 2 3 3Q
( 1  pcos6é 1 ¢ 1 1 1 a 1 bj
+ ——u, +—U, ——ula +—pa +—ub —,Ll ———y cos 2y
4 Q 4 " Q 2 2 Q 4
1 g 1 pcosé 1 11 15 .
U —t—u ——|:,u - U, :I ——,u‘a1 +— yb +— ,u —+ ,u sin 2y
4 " Q 4 Q Q
1 1 2 2 1 2 2 1 .
‘{_ﬂﬂva. ——I:,ux —,uv]bljcos3y/+(—[,u¥ —,uy:la1 +—,ur/lvbljsm3l//
2 0 4 ’ 4= 2 0
The differential aerodynamic load tangent to the hub plane is:
1 2 2 CD 2
dF, (t)zzchmR(QR) uTuPH—uP+C—uT dx (E.8)
Lo

Integrating along the length of the blade yields:
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[

| (E.9)
FT(t):—Ech R(QR)'{6,4, +6,,B, —AC, —BD, +E, }

Where
1 1 cosé 1 a 1 b
A, =\ S Ay e T Sy
! 2 4 " Q 4 Q 4 " Q 4
lq 1 1 1 2 1 2 1
HuA, Tt pa s a = = — = b~ —— fcosy
3Q 2 2 4 3
1 pcos6 1 1, 1, 1
HpuA,———————pa, —|— U —— U a, +—p b ——— |siny
3 Q 2 4 4

1 g 1 pcosé 1 a 1
| ——p———u =l - u ]a t—pa —— b ——p ———p - |sin2y
470 4 Q 2 4°°Q 4
1
——MMa +— [ﬂ - U ]bjcos3y/+(——[;¢ - M :la ——,uubl)sm&//
2
1 1 1 cosd 1 a 1 b
BF :(_/IHI’ __/uvi__/ur 2 : __/uv_l__lu;_l)
3 6'Q 6 Q 6 'Q 6 Q
1 1g 1 1 1, 1, 1 14,
B e e I L i 4
2 40 8 8 4 40
1 1 pcos6 1 1 1 1 1 15,
| —u A, —————-—Huaq, ,u ——,u -—|a, +— ,u,u\bl——— siny
2 4 Q 3 8 8 4 4Q
1 pcosd 1 q 1 1 1 1 a4 1 b
+H — A, T G TR T 1——# —+— L, — |cos 2y
6 Q Q 2 Q 6
1 1 cosd 1 1 1 1 a 1 b
bl o B[ i Ja, v e = b =g 2 == 2 [sin2y
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The aerodynamic loading expressions derived above are expressed in the
aerodynamic coordinate system. However, since the dynamic model used in this
dissertation requires the rotor loading terms to be transferred to the shaft in the fixed

frame, the appropriate transformation must be applied.

X FT
F, ¢ =TTV JF, (E.10)
Fz S 0 A

Assuming small flapping angles this transformation yields:

F (1) —F, (t) Bcosy — F, (t)siny
F, (1)} =<F,(t)Bsiny —F, (t)cosy (E.11)
F (1)), |Fr (1)

The total rotor load transferred to the shaft is found by summing the contributions

of the individual blades. The total instantaneous in-plane H-force, H,, is the sum of the
rotor load in the i; direction as a function of time; the total instantaneous in-plane Y-
force, Y,,, is the sum of the rotor load in the ]AX direction as a function of time; and the

total instantaneous thrust, 7,,, is the sum of the rotor load in the Igs direction as a

function of time. Note that these expressions assume the force is acting in the positive
direction of the basis of unit vectors. Under this model, the positive magnitude of in-
plane H-force acts forwards; in-plane Y-force acts to starboard; and the thrust acts

downwards.

HHP (l‘) N Fx(i) y —Fgl)ﬁ(l) cos l//(l) _ FT(l) sin l//(l)
Y

o (1) =Zb: F =Zb: F B siny) — EY cosy!) (E.12)
T,(t)) " |F?] " |FY
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The loading and moment expressions

representation in the following subsections.

E.1.1 Main Rotor Thrust

are expanded

into

For a two-bladed teetering rotor, the thrust expression reduces to:

T,

Where:

A, [—B +u; +ﬂf} +[ 42} — g2} Jcos 29 — 241, 1, sin ZV/J

11,01 e, .
Fra :(_[fz”f +§“3]+5[ﬂ; 4} Jeos 2y — 1, smza//]
CTIIP = (_/'l\ _ﬂy Cos 2'//_”) sin 21//)

D, = (—,ux + M, cos2y — i sin 2l,y)

peosd 1 a4 1 b

1 qg 1
E =\A ——u =—= 1
Tup [HP Zﬂ"'Q 2:”; Q LX) 2:”; Qj
4 L
Q Zﬂ

1[ peosf,

o) J"' 2 a0 = pa, — b —

H,

If higher harmonics are neglected, then for longitudinal flight:

A, = -wa}
- _[1 1 }
T ST M
1 =0
e = A,
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Ry
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1 q pcosé, 2 1 a4 1 b).
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closed-form

(E.13)

1
o (1) = SPCLR (QR)'{6,4, +6,,B, —AC, -BD, +E_} (El4)
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= [ﬂHP _Eﬂx éj

E.1.2 Main Rotor In-plane H-force

Hyp

Hyp

=2+

i=1

For a two-bladed teetering rotor, the in-plane H-force reduces to:
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If higher harmonics are neglected, then for longitudinal flight:

283



CHHP = (

8 Q

1 1 3 b
DHHP :[_221-113 _Elu,ral +§ﬂ,¥ glzj
1 3 1 1 o laa, 1 ab 1 b c
EHHP =[3gao+2/1ﬁpal +§ﬂvx %b] _Eﬂ ao ,Ll al +3a0b ﬂ'ﬁpa"'g Qo g x?l"'g x?_cl /u.xj
E.1.3 Main Rotor In-plane Y-force
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:Z[F}E’) sing) — EY cosy") } (E.17)

i=1

For a two-bladed teetering rotor, the in-plane Y-force reduces to:

1
Yor (1) =5 PeCiR(OR) {64, +6,,B, —AC, -BD, +E,} (EI8)
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E.2 Expansion of Main Rotor Aerodynamic Moments

The differential moment resulting from the aerodynamic loads is found by taking
the cross product of the position vector from the hub to a point on the elastic axis and the

differential aerodynamic load acting at that point:

am , (1) —dF, (t)r
dM, ={aM, (1)} =r,,xdF, ={ dF,(t)r (E.19)
dM (1)}, 0 .

The differential aerodynamic moment acting about the flapping axis is:
am , (t) =%,0cCLaR2 (QR)’ (uﬁﬁx—uPuTx)dx (E.20)
Integrating along the length of the blade yields:

1
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The differential aerodynamic moment acting about the axis perpendicular to the

flapping axis is:

M, (t) = %,()CCLMR2 (QR)’ (uT . L uixj dx (E.22)

La

Integrating along the length of the blade yields:

M, (1)=] M, (1)

: i (E.23)
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As with the aerodynamic loading expressions, the rotor moment terms are transferred to

the shaft in the fixed frame. Assuming small flapping angles, this transformation yields:

M (1) -M , (t) fcosy — M, (t)siny
M (1) =M, () Bsiny —M, (t)cosy (E.24)
M), (M,(0)

The total rotor moment transferred to the shaft is found by summing the

individual contributions of the blades. This results in the total instantaneous rotor rolling

moment, M X ? about the z: unit vector as a function of time, the total instantaneous
rotor pitching moment, M, , about the J, unit vector as a function of time, and the total

instantaneous rotor torque, Q,,,, about the lgs unit vector as a function of time. Note that

these expressions assume the moment is acting in the positive direction of the basis of

unit vectors.

xﬁp(t) v, M)(C") " —Mﬁ,)ﬂ COSl// M sml//

M, (1) Z M Z MY B siny) — M cosy” (E.25)
i=l1 . i=1 .

Oy (1) M?) M;’)

The moment expressions are expanded into closed-form representation in the
following subsections.
E.2.1 Main Rotor Pitching and Rolling Moments

Ny

M, ()= Z[—M B cosy® — MY sin y/(i)] (E.26)
iml
Nb . . . . .

M, (1)= Z[MS)IB(’) sing) — M cos l//(l)} (E.27)

i=1
For a two-bladed teetering rotor, and ignoring higher harmonic contributions, the

above expressions both reduce to zero.
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M, =M, =0 (E.28)

E.2.2 Main Rotor Torque

Ny

Oy (1 ZM (E.29)

For a two-bladed rotor, the main rotor torque reduces to:

1 2
0, (t)=5ch R*(QR) {6,A,, +6,,B, —AC, —BD, +E, } (E30)
Where
2 1 g 1 pcosg 1 g 1 b
Ay, =| = Ay =S 1, ===, S Ly
o (3 w33 g N Qj
1 pcos8, 1 ¢ 2 2 1 a 1 b,
+| = S ——p—+ ay—Zpa - b =g, 2t 2
(Sﬂx o 3t g G TG S b S S o oS 2y

1 g 1 pcos 1r , 2 2 1 4 1 b)),
ol —— | =g ay = a — = b —— g - ——p — |sin2
(3159 T4 z[ﬂx ; ]a, THG =T Hb s Tk, s 2

1 1 g 1 pcosd 1 4 1 b
B =\-A,——u =——— s _ gy S 1
Ore [2 w gt TR g 2t g Q]

1 1 1 1 la
+H oAy ———+-—pa, —— a, ——b ———-|cos2
[2,[1; Yl 2/'1,(/'[} 1T 0 4Qj U4

1 1 pcosf. 1 1, 1, 1 1 b,
—U Ay —————pa, —| — > ——p> —— |a, — —— |sin 2
Pt =g 3% [4”* PRIl oS ke d

1 1 1 1 .
=Ll = b Jcos 4y + (—g[uf — 44 Jay = b jsm ay

+ 1, peosé 1 i+z a 1 ! b —— —+ cos2
T T gt T =, # # y
1 ¢ 1 pcosh 1r , , 1 1 1 4 :
+ =, ———u, S|l =l lag+—pa ——ub —— g, ——— sin2
( T T L T Ja S e = = 4ﬂ v
1 1g 1 1 1, 1, 1 14,
C, =|-ur,———+-pa,—— a, —| =g ——u+— b ———
O (2/1} 740 3/’1)( o 4#)(1[1) | [8'”* 8:”; 4:‘ T30
lg

293



+(—é[u§ -] ] + é[ﬂf - )b} —%ﬂ,xﬂva,bl jcos4l//

1 , 1 .
7/1;:#,\»171. - Z[/‘f - /,lf_ ]albl jsm 4y

iy pa-
el S

If higher harmonics are neglected, then for longitudinal flight:
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Appendix F Main Rotor Equations of Motion (Flapping Expression)

In this section the main rotor flapping equation is expanded into its closed-form
representation.

The main rotor flapping expression is found by summing the flapping moment of
the aerodynamic and inertial terms of all of the blades about the flapping axis of the

reference blade.

i{(Mp _Ml(i))cos(]zv—”[i—l]ﬂ =0 (F.1)

b

The aerodynamic flapping moment about the flapping axis, M ;i), was derived in

Appendix E whereas the inertial moment is found from the acceleration expression for an

element on the elastic axis derived in Appendix C.
R
M, = —j ma,rdr (F.2)
0

Where:
a, =a,, +(gr+2prQcos@,)cosy +(prcosd, —2qrQ)siny —r—rQ* B (F.3)
If the flapping expression is assumed to have the form:
B=a,—a,cosy—b siny (F.4)
With first and second time derivatives:

B=—(q4 +Qb1)cosw—(15, —Qal)cosl// (F.5)
B= _(c‘il +2Qb, —Q’a, ) cosy — (l')'1 —2Qa, —Q’b, ) cos (F.0)

Then expanding the inertial moment integral yields:
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M, = IﬁQza0 —Sga., —1, (a'l +2Qb, +c'1+2chost9s)cosy/

. (E.7)
1, (b —2Qa, + pcos8, —2Qq)siny

For a two-bladed teetering rotor with rigid blades, substituting (F.7) into (F.1)

generates the following expression for flapping:
0=6A;+6,B,—AC;—BD;+Ej, (F.8)
Where

Ay = gﬂz,uy cosy/+§§22,ux sinly

B, = %Qz,uy cosl,//+§£22,ux siny

1 1 3 .
C, :;&22[§+Eﬂf+l6y jcosy/+gQ M, siny + 7;92(;1“2,—uf)cos3w+7§/522,ux,u}_ sin 3y

1 3
D, :gﬁz,ux,u_v cosy + mz(_+ﬁﬂ'f+ﬁﬂ jsml//—ZQZ,u,u cos31//+ Y Qz(,u — 417 )sin 3y

—% Zﬂ)ﬂHP+ng+c’1+ZQpcosQ,+dl+§Qa‘]+29131—%92,uxa0
E, = cosy
’ +20% 1 a + 90 L1,
8 Il'lxl[’ly 1 /’l 16ﬂ‘ 8 1
Qzﬂ,l +89pcos9 + peosd, —2Qq+b —2Qd, + ;/Qb + Loy a,
+ ! y siny
+)Q? [ u; —*,U —f}al—*ﬂzﬂﬂb
Yo .
+(§ yua,——Q [u - U, J jcos31//
+(l - ]al #ﬂleSHl?’W
4
_ PCCR
I

The time-varying flapping coefficients, a, and b,, are found by equating the sine

and cosine terms from the flapping expression and solving the resulting system of second

order differential equations:
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a a .
1 1 _
Mﬂ{g}+nﬂ{b}+Kﬂ a = f5 (F.9)
1 1
bl
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70 1
r o
D=0 8
L 7
8
1 1 1
—%#x gﬂw, VEEM%75#+§}
K, =02
' L u yFﬂf—LM—q L up
6" 167 1677 8 g
4 Ya _q ., pcosb, y /4 1.1, 3 2} /4
Lup, L4 9 2P20% T - ul, vy~ — 1P+ A+ L u B
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The aircraft angular acceleration terms p and ¢ are generally small for first

harmonic flapping and may be omitted [40]. In the case of purely longitudinal flight,

where ¢ = p =0, the coefficient matrices in the flapping equation reduce to:

v 1o
7710 1
r o
p,=0| 8
y
2 L
8
—%m 0 %P+%ﬂﬂ
K,=Q’
7P 1 ﬂ 0
0 - J—
8 2#){
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A reduced order model for flapping can be derived by ignoring the inertial forces

from the blade and setting the flapping acceleration terms to zero (c'il =l51 =0) [40].

Solving the flapping equation for the first derivative flapping terms yields the following

set of first order differential equations for flapping:

4 1 1 128
lﬂxao —16(1—2;[5}% - 7(1"'2#5)[91 +Tﬂx0()

+7/(1+ 75 j —16(1+3,u jBl +32u.6,, =321 A,

g (F.10
“ 7 +256 g (F10)

Qy

6;,uxao+7(l—;,uf]a, —16(1+;,u Jb —87/# 0,

+16[1+ ;yjjAl + }/(1+;ﬂfj31 =20 Oy + 20 A

b =
: 7’ +256

(F.11)

A quasi-steady model for flapping can be derived by assuming an instantaneous

balance of aerodynamic and centrifugal loads and setting the flapping acceleration and

velocity terms to zero (c'il =aq, =l51 =l§1 =0). Solving for the longitudinal and lateral

flapping coefficients yields:

8 3 16
gﬂxe() +24.6, _(1+2ﬂ§jBl - zﬂxﬂ’HP -4

(F.12)
2 X

a =
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:(ﬂxao +i(1+;ﬂfjAlj_g
b = (F.13)

1
1+
( 2”*)

The dynamic response of the tip-path plane under a 1° step input in collective and

longitudinal cyclic are shown in Figure F.1 and Figure F.2 respectively for the Bell 206B-

3 traveling at 4 =0.20. For reference, the responses of the reduced order model and the

quasi-steady model are also provided. The longitudinal and lateral responses curves
indicate the deviation of the flapping coefficients from their initial values. These plots
also include reference lines for determining the settling time of the system. The settling
time criteria require that the amplitudes of the oscillations be within 5% of the final
quasi-steady value.

For the applied step function, the longitudinal flapping settles within 1.4 rotor
revolutions; the lateral flapping settles within 2.4 revolutions. However, under both input
perturbations, the overall flapping response of the tip-path plane is largely driven by the

response of the longitudinal flapping coefficient.
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Figure F.1. Tip-path plane dynamic response to a 1° step input in collective

applied at revolution #0 (Bell 206B-3 at #=0.20). Lateral and longitudinal

flapping values are measured relative to their initial conditions.
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Figure F.2. Tip-path plane dynamic response to a 1° step input in longitudinal

cyclic applied at revolution

#0 (Bell 206B-3 at ¢ =0.20 ). Lateral and

longitudinal flapping values are measured relative to their initial conditions.
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Appendix G Analysis of the Acoustic Source Terms

In Chapter 5, the far field expression for thickness noise was separated into two
terms. The first term features the time rate of change of the velocity normal to the blade
surface; the second term features the time rate of change of the Mach number of the

acoustic surface. These are repeated below as equations (G.1) and (G.2) respectively.

v

1 2o 87’1
Thickness Noise Term 1= — [ ——2F g (G.1)
4z | r(1-m,)
PV, | T oM
. | 7L ot
Thickness Noise Term2=—| ———=dS (G.2)

AT | r(-m)

Similarly, the far field expression for loading noise was separated into two terms.
The first term features the time rate of change of the pressure on the surface; the second
term features the time rate of change of the Mach number of the acoustic surface. These

are repeated below as equations (G.3) and (G.4) respectively.

a—pcosﬁ

Loading Noise Term 1= —— | 97 g (G.3)
4re | r(1-M,)

S

pcosé [ Fe oM ]
ot
das (G.4)

4mc r(1-M,)’

N

Loading Noise Term 2 =

Separating the terms in this manner is done to show common features between the

two acoustic source expressions. In both expressions, the first term deals with the time

303



rate of change of a property specific to the type of acoustic source being modeled. In the
case of thickness noise, the first term represents unsteadiness in the monopole. In the case
of loading noise, the first term represents unsteadiness in the dipole. Note also that the
first terms in the thickness noise and loading noise expressions are proportional to the

square of the Doppler amplification, where the Doppler amplification is defined as:

1
Doppler Amplification = — G.S
pPp p (1 M, ) (G.5)

Similarities are also observed in the second terms for thickness and loading noise.
Both expressions feature the source property multiplied by a common factor. This factor
acts as a fading property applied to the acoustic source. Also note that the second terms in
both expressions are proportional to the cube of the Doppler amplification.

To better understand the contributions of each term, the individual components
will be analyzed independently. First, the common terms will be studied, then the source-
specific quantities.

Consider first the Doppler amplification factors. The relative Mach number, M,
is maximum when the velocity vector of the source is parallel with the radiation vector
from the source to the observer. For an observer directly ahead of the rotor, the maximum
relative Mach number occurs near the 90° azimuth station on the advancing side of the
rotor. As the relative Mach number approaches Mach 1, the amplification becomes
increasingly high. The amplification is stronger in the second term of each acoustic
expression because the Doppler amplification is raised one power higher. These trends
are illustrated in Figure G.1. The top contour plots show the distribution of each
amplification term across the entire rotor disk. The bottom plot traces the magnitudes

over one revolution at various radial stations along the blade. Note that the amplification
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expression in the second term is much larger than the expression appearing in the first
term.

a0° a0°
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1 270°
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1
Fil1=M, )
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a 45 a0 135 180 225 270 314 360
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Figure G.1. Denominator magnitude.

Next consider the common numerator quantity that appears in the second terms of

both noise source expressions:
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oM

py (G.6)

7e

The contour and time history plots for this term are illustrated in Figure G.2 for an
observer directly ahead of the main rotor. Note that the term is maximum at the 0°
azimuth station, is minimum at the 180° station, and is near zero at the 90° and 270°

stations. This product will effectively apply a once-per-revolution fade.
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Figure G.2. Magnitude of Mach number time derivative dot product.

Lastly, Figure G.3 illustrates the combined effect of the common quantities

present in both expressions of the second acoustic term:

[A aﬁj
r.
or
= 7 (G.7)

r(1-m,)
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For observers directly ahead of the rotor, the combination of these terms serves to
highlight acoustic sources that are on the advancing side of the rotor, where the relative
Mach number is at a maximum, and dampens acoustic sources on the retreating side. In
the case of thickness noise, the phasing of this factor will control how the monopoles
combine to produce thickness noise. In the case of loading noise, the phasing of this
factor illustrates what portions of the rotor disk loading will contribute the most to
loading noise. In the case of an observer ahead of the rotor, the region on the advancing

side of the rotor near the blade tips will be of significant influence.
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Figure G.3. Distribution of expressions common to term 2.

Next, consider the source terms specific to thickness noise. These include the
velocity normal to the surface, and the time derivative of the velocity normal to the
surface. Their respective distributions over the tip-path plane are illustrated in Figure G.4

for a series of sources on the leading edge of the airfoil. Notice that the normal velocity
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profiles for each radial station are similar in shape, but include an offset due to the radial

velocity of the main rotor. This results in nearly identical time derivatives of the

velocities normal to the surface.
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Figure G.4. Thickness noise specific distributions.
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While that the magnitudes of the time derivatives are quite large, the remaining
quantities in the first term of the thickness noise expression are quite small. Therefore,
the thickness noise pulse shapes and amplitudes are mostly defined by the second term in
the thickness noise expression.

Lastly, consider the terms specific to the loading noise expressions. These include
the load distribution relative to the observer, and the time rate of change of the load
distribution. The relative loading distribution is shown in Figure G.5. The surface
pressures have been integrated over the blade segment to produce a compact load. This
distribution plot indicates that the uniform inflow predicts lower loads over the forward
half of the rotor and the load time histories tend to lag behind those associated with the
Beddoes’ inflow distribution. This phase difference will produce a slight phasing
difference in the second term of the loading noise expression.

The time rate of change of the loading distribution is shown in Figure G.6. Note
that the time derivatives of the loading distributions have noticeable differences. In the aft
region of the tip-path plane, the uniform inflow distribution lags significantly behind the
Beddoes’ model. This lag is most notable approaching the 90° azimuth station where the
relative Mach number and Doppler amplification are maximum. Therefore the loading

distribution discrepancies are expected to alter the loading noise pulse shapes.

311



80"

a0-

180° 0= 180°
270 ] ‘[pcoﬁﬁa’S 2702 ]
Uniform Inflow Beddoes™ Inflow
0 20 40 G0 a0 100 0 20 40 G0 a0 100
------- T1%E - 7B%RE ------ BE%R ------ 92%P ------ 99%F
120
100 -

Load, M

BO 4

B0

40 -

20 4

Unifarrm Inflowe
Beddoes' Inflow

_______

135

180 225

270

315

360

Blade Azimuth, deg

Figure G.5. Distribution of the load.

312



90° a0°

180° 0* 180°

cos Fds

T L S
|8

270° !

270°
Uniform Inflow Beddoes™ Inflow

-1500 -1000 -50 0 500 1000 1500 -1500 -1000 -50 0 500 1000 1500

------- T1%R - TE%A - B5%R - G2%R ------ 09%R

— Unifarm lnflow
————— Beddoes' Inflow

Tirne Derivative of Load, Nfs

135 180 225 270 315 360
Blade Azimuth, deg

Figure G.6. Distribution of the time derivative of the load

313



[1]

(2]

(3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

References

Ungar, Eric E., et al. “A Guide for Predicting the Aural Detectability of Aircraft.”
AFFDL-TR-71-22. AF Flight Dynamics Laboratory, Wright-Patterson AFB, OH,
Mar. 1972.

Hubbard, Harvey H., “Aeroacoustics of Flight Vehicles: Theory and Practice.
Volume 1: Noise Sources.” TR 90-3052. NASA Langley Research Center,
Hampton, VA, 1991.

Schmitz, F. H., and Yu Y., H., “Helicopter Impulsive Noise: Theoretical and
Experimental Status.” NASA Technical Memorandum 84390. USAAVRADCOM,
Ames Research Center, Moffett Field, CA, Nov. 1983.

Sickenberger, R., Gopalan, G., and Schmitz, F., “Helicopter Near-Horizon
Harmonic Noise Radiation due to Cyclic Pitch Transient Control.” American
Helicopter Society 67" Annual Forum. Virginia Beach, VA, 3-5 May 2011.

Watts, M. E., et al. “Maneuver Acoustic Flight Test of the Bell 430.” American
Helicopter Society 68" Annual Forum, Fort Worth, TX, 1-3 May 2012.

Ffowcs Williams, J. E., and Hawkings, D. L., “Sound Generation by Turbulence
and Surfaces in Arbitrary Motion,” Philosophical Transactions of the Royal
Society of London, Series A, Mathematical and Physical Sciences, Vol. 264, No.
1511, pp. 321-342, May 1969.

Brentner, K. S., “Prediction of Helicopter Rotor Discrete Frequency Noise: A
Computer Program Incorporating Realistic Blade Motions and Advanced
Acoustic Formulation.” NASA Technical Memorandum 87721. NASA Langley
Research Center, Hampton VA, 1986.

Brooks, T. F., et al. “Aeroacoustic Codes for Rotor Harmonic and BVI Noise —
CAMRAD.Mod1/HIRES.” AIAA/CEAS 2" Aeroacoustics Conference, State
College, PA, 6-8 May 1996.

Lim, J. W., Yu, Y. H., and Johnson W. “Calculation of Rotor Blade-Vortex
Interaction Airloads Using a Multiple-Trailer Free-Wake Model.” Journal of
Aircraft. Vol. 40, No. 6. (2003): 1123-1130.

Brentner, K. S., et al. “Maneuvering Rotorcraft Noise Prediction: A New Code for

a New Problem.” AHS Aerodynamics, Acoustics, and Test Evaluation Specialist
Meeting, San Francisco, CA, 23-25 Jan. 2002.

Brentner, K. S., et al. “Noise Prediction for Maneuvering Rotorcraft.” AIAA/CEAS
6™ Aeroacoustics Conference, Lahaina, HI, 12-14 Jun. 2000.

Brentner, K. S., et al. “A First Step Toward the Prediction of Rotorcraft Maneuver
Noise.” Journal of the American Helicopter Society. Vol. 50, No. 3. (2005): 230-
237.

Duque, E. P. N., et al. “Revolutionary Physics-Based Design Tools for Quiet
Helicopters.” AIAA Paper No. 2006-1068.

314



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Brentner, K. S., et al. “Near Real-Time Simulation of Rotorcraft Acoustics and
Flight Dynamics.” American Helicopter Society 59" Annual Forum. Phoenix, AZ,
6-8 May 2003.

Hennes, C. C., et al. “Influence of Transient Flight Maneuvers on Rotor Wake
Dynamics and Noise Radiation.” AHS 4" Decennial Specialist’s Conference on
Aeromechanics, San Francisco, CA, 21-23 Jan. 2004.

Forsyth, D. W., Guilding, J., and DiPardo, J. “Review of Integrated Noise Model
(INM) Equations and Processes.” NASA/CR-2003-212414. May 2003.

Conner, D. A. and Page, J. A. “A Tool for Low Noise Procedures Design and
Community Noise Impact Assessment: The Rotorcraft Noise Model (RNM),”
AHS International Technical Specialists’ Meeting on Advanced Rotorcraft

Technology and Life Saving Activities, Utsunomiya, Japan, 11-13 Nov. 2002.

Gopalan, G. “Quasi-Static Acoustic Mapping of Helicopter Blade-Vortex
Interaction Noise,” Ph.D. Dissertation, University of Maryland, 2004.

Greenwood, E. “A Physics-Based Approach to Characterizing Helicopter External
Noise Radiation from Ground-Based Noise Measurements,” Masters Thesis,
University of Maryland, 2008.

Steidl, G. “Final Report for ECO HELI AP 4.1 Extraction and Analysis of
Fenestron Noise from DLR PAVE Flight Test,” Institute of Aerodynamics and
Flow Technology, IB 124-2011/909, Braunschweig, Germany, Aug. 2011.

Gervais, M., et al. “Validation of EC130 and EC135 Environmental Impact
Assessment using Helena” American Helicopter Society 66" Annual Forum,
Phoenix AZ, May 11-13, 2011.

Greenwood, E. “Fundamental Rotorcraft Acoustic Modeling from Experiments
(FRAME),” Ph.D. Dissertation, University of Maryland, 2011.

Greenwood, E., Schmitz, F., and Sickenberger, R., “A Semi-Empirical Noise
Modeling Method for Helicopter Maneuvering Flight Operations,” American
Helicopter Society 68™ Annual Forum, Fort Worth, TX, May 1-3, 2012.

Boxwell, D. A, et al. “Helicopter Model Rotor-Blade Vortex Interaction
Impulsive Noise: Scalability and Parametric Variations” Journal of the American
Helicopter Society, Vol. 32, No. 1 (1987): 3-12.

Yamauchi, G. K., et al. “Flight Measurements of Blade-Vortex Interaction Noise
Including Comparisons with Full-Scale Wind Tunnel Data,” American Helicopter
Society 49" Annual Forum, St. Louis, MO, 19-21, May 2993.

Schmitz, F. H. and Boxwell, D. A, “In-Flight Far-Field Measurement of
Helicopter Impulsive Noise,” Journal of the American Helicopter Society, Vol. 21,
No. 4 (1976): 2-16.

Cross, J. L. and Watts, M. E., “In-Flight Acoustic Testing Techniques Using the
YO0-3A Acoustic Research Aircraft,” NASA Technical Memorandum 85895,
NASA Langley Research Center, Hampton VA, Mar. 1984.

315



[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Spiegel, P., Buchholz, H., and SplettstoBBer, W. “The “RONAP” Aeroacoustic
Flight Tests with a Highly Instrumented BO 105 Helicopter,” American
Helicopter Society 59" Annual Forum, Phoenix, AZ, May 6-8, 2003.

Spiegel, P., Buchholz, H., and Pott-Pollenske, M., “Highly Instrumented BO105
and EC135-FHS Aeroacoustic Flight Tests including Maneuver Flights,”
American Helicopter Society 61" Annual Forum, Grapevine, TX, Jun. 1-3, 3005.

Schmitz, F. H., et al., “Measurement and Characterization of Helicopter Noise in
Steady-State and Maneuvering Flight,” American Helicopter Society 63" Annual
Forum, Virginia Beach, VA, May 1-3, 2007.

Sickenberger, R. and Schmitz, F., “Longitudinal Tip-Path-Plane Measurement
using an Optics-Based System,” American Helicopter Society 63" Annual Forum,
Virginia Beach, VA, May 1-3, 2007.

Sickenberger, R and Schmitz, F., “An Optics-Based Tip-Path Plane Tracking
System for Rotorcraft Applications,” AIAA Guidance, Navigation and Control
Conference, Honolulu, HI, Aug. 18-21, 2008.

Decker, W. A., et al. “Use of a Portable Programmable Guidance Display in
Support of Helicopter Noise Testing,” American Helicopter Society 63" Annual
Forum, Virginia Beach, VA, May 1-3, 2007.

Schmitz, F. and Sim, B., “Acoustic Phasing, Directionality and Amplification
Effects of Helicopter Blade-Vortex Interactions,” Journal of the American
Helicopter Society, Vol. 46, No. 4 (2001): 273-282.

Schmitz, F. and Sim, B., “Radiation and Directionality Characteristics of
Helicopter Blade-Vortex Interaction Noise,” Journal of the American Helicopter
Society, Vol. 48, No. 4 (2003): 253-269.

Leishman, J. Gordon, “Principles of Helicopter Aerodynamics,” 2" ed. New York
NY: Cambridge University Press, 2006.

Widnall, Sheila, “Helicopter Noise due to Blade-Vortex Interaction,” Journal of
the Acoustical Society of America, Vol. 50, No. 1 (1971): 365-365.

Martin, R. M., et al. “Advancing-Side Directivity and Retreating-Side Interactions
of Model Rotor Blade-Vortex Interaction Noise,” NASA-TP-2784, May 1988.

Chen, Robert T. N., “A Simplified Rotor System Mathematical Model for Piloted
Flight Dynamics Simulation,” NASA Technical Memorandum 78575, Ames
Research Center, Moffett Field, CA, May 1979.

Chen, Robert T. N., “Effects of Primary Rotor Parameters on Flapping
Dynamics,” NASA Technical Paper 1431, Ames Research Center, Moffett Field,
CA, Jan. 1980.

Seckel, E. and Curtiss, H. C. Jr., “Aerodynamic Characteristics of Helicopter
Rotors — Rotor Contributions to Helicopter Stability Parameters,” Princeton
University, Report No. 659, Dec. 1963.

316



[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]
[53]

Prouty, Raymond W., “Helicopter Performance, Stability and Control,” Malabar,
FL: Krieger Publishing Company, Inc., 1989.

Johnson, Wayne, “Helicopter Theory,” New York, NY: Dover Publications, Inc.,
1980.

Weissten, Eric W., eds. “CRC Concise Encyclopedia of Mathematics,” pnd ed.,
New York, NY: CRC Press LLC, 1998.

Anderson, John D. Jr., “Fundamentals of Aerodynamics,” 4® ed., Boston, MA:
McGraw-Hill, 2005.

Bertin, John J., “Aerodynamics for Engineers,” 4t ed., Upper Saddle River, NJ:
Prentice Hall, 1979.

Brentner, K. S. and Farassat, F., “Modeling Aerodynamically Generated Sound of
Helicopter Rotors,” Progress in Aerospace Sciences, Vol. 39, No 2-3 (2003): 83-
120.

Farassat, F., “Derivation of Formulations 1 and 1A of Farassat,” NASA Technical
Memorandum 2007-214853, NASA Langley Research Center, Hampton VA, Mar.
2007.

Koushik, Sudarshan N., “A New Experimental Approach to Study Helicopter
Blade-Vortex Interaction Noise,” Ph.D. Dissertation, University of Maryland,
2007.

Lee, S., Brentner, K. S., and Farassat, F., “Analytic Formulation and Numerical
Implementation of an Acoustic Pressure Gradient Prediction,” Journal of Sound
and Vibration, Vol. 319, No. 3-5, (2009): 1200-1221.

Kinsler, L. E., et al. “Fundamentals of Acoustics,” 4™ ed., New York, NY: John
Wiley & Sons, Inc., 2000.

Wiesel, W. E., “Spaceflight Dynamics,” pnd ed., Boston MA: McGraw-Hill, 1997.

Etkin, B. and Reid, L. D., “Dynamics of Flight: Stability and Control,” 31 ed.,
New York, NY: John Wiley & Sons, Inc., 1996.

317



